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PREFACE

In spite of continuing improvements in safety, performance envelope and reliability of presest operational aircraft
escape systems, further upgrading is desirable particularty with respect to high sirspeed, adverse attimsde and low altitude
recovery. Reduction of escape faulities or injuries and out-of-the envelope ejections are the primary gosis. Escape from
hypersonic vehicles and spacecraft are additional challenges of the future. Advanced technologies impact escape systems in
two wayx: incressed aircraft (and space systems) performance expands the requirements envelope and advanced
technologies in acrodynamics, materials, control, propulsion, avionics, sensors and crew protection enable the design of
intelligent escape systems with automatic hazard sssessment and adsptation to the specific situational need.

This Symposium assesses technological advances in all areas which affect overall escape system performance and
capabilities. The muiti-disciplinary discussions is centered on new studies, development efforts, beman tolerance and system
design criteria, and tests that highlight advances in overall system capebilities and future opportunities.

PREFACE

Malgré les améliorations qui sont apportées a la sécurité, i la fiabilité et aux performances des systémes d’évacuation
des aéronefs, des perfectionnements sont toujours a snuhaiter en ce qui concerne le vol 2 grande vitesse, les positions
inhabituelles et la récupération i basse aititude. Toutes ces améliorations ont pour objectif principal de réduire le nombre
d’accidents mortels ou biessures survenant suite & ['évacuation de I'aéronef, ainsi que le nombre d'éections hors enveloppe
de vol. L'évacuation des véhicules hypersoniques et spatiaux est un défi pour 'avenir. L 'impact des technologies de pointe
dans les systémes d’évacuation se répercute de deux facons: d'une part I'accroissement des performances des aéronefs et des
Wq,anmmymnmlaspeaﬁamdmrmwloppedevol et d’autre part kos technologies avancées dans fes
domaines de 'aérodynamique, des matenaux. du conlrole. dela pmguls:on. de I'avionique, des capteurs et de la protection
du personnel navigant per la ré jioa de sy d'é inteiligents avec prévision automatique de risque
de d’adaptation aux besoins conjuncturels.

Ce Symposium fait le point des progrés réalisés dans tous les domaines ayant une influence sur le fonctionnement
global et les capacités des systemes d'évacuation. Le débat pluridisciplinaire porte sur les études nouvelles, les projects de
développement, les niveaux de tolérance humains et les critéres a adopter pour la conception des systemes, ainsi que sur les
essias destinés & mettre en valuer les nouvelles poscibilités des systémes et les applications futures.
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INTRODUCTION AUX IMNPLICATIONS DES TECENOLOGIRS DE POINTE
DARS L'EVACUATION DES AEKROWEFS RYT DES VEHICULRS SPATIAUX.

Prof. H. VIEILLEFOND

Médecin-Chef du Laboratoire de Médecine Aérospatiale
et du Centre d'Essais en Vol
P 91220 - BRETIGNY

L'abondon de bord des aéronefs en difficulté4 au cours du vol est un besoin
apparu das l'origine de l'aviation de combat. Au cours de la premidre guerre mondiale
plusieurs pilotes durent payer de leur vie l'absence de moyen d'aide A 1*évacuation
de 1l'avion touché par l'ennemi. BEntre les deux guerres, l'utilisation systématique
du parachute a permis de résoudre une partie du problime jusqu'au jour od la vitesse
des avions est venue rendre problématique la sortié du pilote et hasardeuse sa
trajectoire dans les airs. .

A partir d'une vitesse de 1l'ordre de 300 A 400 km/h le pilote ne peut
quitter lui-méme son avion en raison de la pression dynamique exercée par le vent
relatif. De plus la collision du pilote avec l'empennage est trés souvent responsable
des nombreux accidents observés. Das lors l'éjection par sidga propulsé est le seul
node d'évacuation de la cabine.

C'est juste avant la seconde guerre qu'en Allemagne débutent les études
d’une aide mécanique A 1'abandon de bord. Elles devaiant conduire rapidement A
1'utilisation opérationnelle des premiers sidges éjectables et A la fin de la guerre
il y avait eu 60 &jections dans la Luftwaffe. Depuis le nombre d'éjections enregistrées
dans le monde dépasse trias largement 10.000.

Mais aujourd’hui, au cours des missions de pénétration tactiques ou
stratégiques, il est devenu particulidrement important de voler le plus vite possible
A trds basse altitude, de fagon A échapper aux radars et aux tirs des missiles anti-
aériens adverses. Les missions d'attaque au sol nécessitent, elles aussi, le vol A
trés basse altitude et comportent de nombreuses manceuvres d'évitement.

Ces types de vol constituent des conditions trés défavorables A 1'abandon
de bord en vol. Si l'on se réfdre au travail que James Brinkley a présenté lors de
la réunion de notre Panel 3 Williamsburg en mai 1984, on peut considérer que 60 %
des éjections fatales de 1'USAP pendant la décennie 1973-84, ont été considérées,
par les commissions d‘'enqudte, comme réalisées hors du domaine du sijdge é&jectable
utilisé. Das lors on peut considérer comme hors domaine, les éjectic 3 effectuées
au dessous de 150 m et A des vitesses supérieures A 600 kts.

Pour imprimer au pilote assis sur son sidge une trajectoire de sécurité
dvitant en particulier les structures arridres de 1l'avion, ou les pales du rotor
principal des hélicoptdres, il faut lui donner une vitesse d'autant plus grande que
celle de lf'avion est élevée et que les dirensions de 1'empennage sont plus importantes.
Le temps dont on dispose pour atteindre cette vitesse est si court gue 1'accélération
est nécessairement trads élevée, A la limite de la tolérance huraine.

Si 1l'on veut donner au sidge des vitesses supérieures il faut augmenter
la durée de l'accélération mais diminuer son intensité. C'est cs qui est réalisé avec
les sidges 1A fusée autorisant une apogée de la trajectoire d'éjection assez haute
pour permettre le déploiement du parachute méme sans vitesse horizontale initiale
de 1l'avion.

Malgré cela, dans prés de 15 % des éjections réussies, la survie du pilote
n'est obtenue qu'au prix de lésions parfois sévares du rachis, en particulier dorsal
ou au niveau de la charnidre dorsolombaire.

En fait nous n'avons pas encora de bon moddle de la résistance vertébrale
A l'accélération. L'un des plus connus, utilisé par 1'USAP est A un seul degré de
liberté., De ce fait, 1l'index Jde réponse ou “dynamic response index” n'est applicable
qu'au ceul axe Gz et ne peut prendre en compte des positions du pilote sur son siidge
qui représentent pourtant un des facteurs pathogéniques les plus importants dans le
mécanisme d'apparition des fractures du rachis. La recherche d'un angle aussi petit
que possible entre l'axe du rachis et celui de la poussée du canon devra &tre une
de nos préoccupsacions.

On considare en général que la configuration normale de 1'éjection implique
le vol rectiligne de 1'avion sur une trajectoire sensiblement horizontale et sous
facteur de charge unitaire,le pilote étant correctement assis et sanglé sur le sidge.
I1 est pourtant clair qu'au cours des missions de guerre st tout spécialement au cours
du combat tournoyant, l'éjection pourra avoir lieu en virage serré. L'accélération
engendrée par la manoceuvre s'ajoute alors A l'accélération du sidge. Dans les vrilles,
1'accélération transvarse développée par la rotation de 1l'avion placera le rachis
en flexion forcée aggravant les risques de fracture.
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Il ne sera sans doute pas facile de mettre au point des moddles prenant
en compte tous ces facteurs et il sera peut-étre encore plus difficile de les valider
pour l'homms, ne serait-ce qu'd cause du risque encouru par les suiets voloataires.
Nous verrons sans doute au cours de cette réunion ce que l'cn pest attendre de la
mise au point de nouveaux mannequins anthropomorphiques.

Une fois le sidge mis A fau on est tentd de mettre au plus tdt le pilote
sur sa trajectoire par esxesmple en supprimant la phase de largage da la verridrs. Le
pilote et son sidge traversent alors la verridre préslablement fragilisée par des
cartouches pyrotechniques. On peut escompter un gain de 1l'ordre de la seconds amais
le risque de détérioration des équipements est plus grand. Le danger que représente
une collision avec un morceau de plexiglass plus ou moins volumineux, pris dans le
vent relatif, reste difficile i préciser.

Le principal danger qui guette le pilote A sa sortis de la cabine est
représenté par la pression dynamique qu'exerce le vent relatif. Cetts pression qui
dépend de la densité de l'air varie aussi comme le carré de la vitasse. C'ast dire
son importance lors des éjections A basse altitude st grande vitesse.

Catte pression est responsable d'effets directs sur le corps et en
particulier sur la face, tels ﬂ" contusions, pétiéchies, hémorragies
sous-conjonctivales. La protection apport par les équipements, visidre de casque,
masque n'est pas toujours suffisante et il n'est pas rare que ces dquipements soient
justement arrachés par la vent relatif arec tout ce que cela peut supposer de
défavorable lors des éjections réalisées A haute altitude. MNsis cette pression ou
"force g" est parfois A 1l'origine de blessures extrémement graves liées A de véritables
dislocations sinon arrachements de la téte et des membres. Il a été démontré que pour
des vitesses de l'ordre de 450 kts, la pression dynamique est de l'crdre de 30 kPa,
et que, dans ce cas, la force de coitraction musculaire n'est al assez rapidement
ét;blia ni asser puisssnte pour s'oppcser au déplacement d'un membre dans le vent
relatif.

La protection du pilote contre ce danger devra absolument #tre prise en
compte pour les avions futurs et zpécialement dans les phases de cosbat ol la vitesse
d'éjection est statistiquement toujours plus grande qu'a 1l'entratnement. Elle pourra
faire appel soit A des équipements portés en vol par le pilote, soit i des
caractéristiques particulidres des sidges mais nécessitera de toute fagon de difficiles
études de balistique réalisées sur moddle anthropomorphique en soufflerie et leur
va:idntion au cours d'expériences sur sujet humain poseront 1l encore des problimes
d’éthique.

Dds que 1l'snsemble sidge-pillote se trouve dans le veat relatif celui-ci
est soumis 4 des mouvements de rotations vers l'avant A basse vitesse ou vers l'arridre
pour des vitessas plus grandes et auxquulles s‘associent des rotations latérales droites
ou gauches. Or ni la tolérance cardio-vasculaire et respiratoire ni la tolérance au:
effets vestibulaires des rotations ne sont excellentes chez les sujets non entralnés.
On tentera donc grfce 2 des parachutes stabilisateurs ou par la poussée de petites
tusées d'appoint de maintenir autant que faire se pourra le pilote et son sidge sur
une trajectoire stabiliséde.

En ce qui concerne 1'abandon de bord des hélicoptires, le problime est
tout aussi ardu et la plupart du temps, en vol, il n’existe ga'une alternative
1'autorotation et 1'évacuation. Encore celles-ci nécessitent-elles le contrdle de
1'appareil, une altitude suffisante, des conditions atmosphériques favorables et
notamment de visibilité, un terrain d'atterrissage convenable, etc... Cette procédure
est de toute fagon inadéquate ur les futurs hécoptéres de combat. Pour ceux-ci il
faudra mettre au point des procédés d'éjection selon une trajectoire er L qui pourrait
éviter le rotor principal et ses pales.

Pour les hélicoptdres wmultiplaces on parls depuils déjdk longtemps de
techniques qui permettraient de transformer le cargo en une cabine largable et
récupérable aprds séparation des gros morceaux inutiles moteurs, queus, rotors.

C'est vers des technologies de ca type que 1'on s'oriente pour tenter
le sauvetage des équipages de véhicules spatiaux. Comme pour les hélicoptéres, les
moyens d'abandon de bord font cruellement défaut en astronautique. lLa tragédie de
Challenger doit nous inciter A proposer des moyens d'évacuation de bord au moina pendant
le tir et les premidres secondes du vol comme pendant les derniers instants du retour.

Nous aurons probablement aujourd'‘hui un débvt de réponse A cette question.

Pour "Hermds” un projet trds ambitieux est A 1’étude. Il consiste A éjecter
une cabine permettant le sauvetage des trois membres de 1'équipage dans les 129
premidres sacondes aprds le tir, jusqu'd Mach = 7 et 580 km. Le colt estimé d'un tel
systdme est de 120 millions $.

Nous allons bient8t parler de technologies de pointe sais, nous médeccins,
ne devons pourtant pas oublier que cea adronefs, ou ces véhicules spatiaux sont servis
par des homews. Ceci sousentend en particulier que l'abandon de bord reste une décision
du commandant de bord et que méme trds automatisée elle reste une procédure faisant
appel A la participation volontaire d'un &tre conscient.
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Le respect des consignes d'éjection est le fruit d'un entrainement dans
les cabines d‘aéronefs et dans les simulateurs au cours duquel des autcmatismes doivent
dtre acquis. En effet la seule connaissance théorique, néme parfaite des procédures
d'éjection est insuffisante car en situation réelle. {1 faudra faire trds vite. On
sait que le stress Deut ralentir ls temps de réaction et peut méme entrainer 1'inaction

complate,
La volonté du pilote de contrdler son avion jusqu'au bout, sa hantise

d'8tre & l'origine d'une catastrophe pour des populations civiles sont aussi un facteur
important du retard A la prise de décision d'abandon de bord.

Et maintenant, aprés ces quelques réflexions, Ja crois que nous pouvons
nous mettre au travail.
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DEVELOPMENT OF ACCELERATION EXPOSURE LIMITS FOR ADVANCED ESCAPE SYSTEMS

Janes W. Brinkley
Lawrence J. Specker
Rarry 6. Armstrong Aerospace Medical Research Laboratory
Human Systems Diviston
Afr Force Systems Command
Mright-Patterson Afr Force Base, Ohto 45433.6573
United States of America

Stephen E. Mosher
DynCorp
Scientific Support Division
Rat]l Code: AANRL/BBP
Wright-Patterson Air Force Base, Ohio 45433.6573, USA

SURMARY

Transient and anqular accelerations significantly affect aircrew safety during
emergency escape from aerospace vehicles. However, due to the scarcity of ladoratory
data on the response of the human body to transient, sultiaxtal acceleration, criteria
for design and evaluation of escape systems have been restricted to relatively
stmplistic limits of acceleration magnitude and rate of acceleration onset for
acceleration vectors acting in three orthogonal axes, with the exception of the
foot-to-head directton (+I axis). Mathematical models have only been used to assess
the zrobability of injury for acceleration acting in the +Z axis. Limits have not been
specified for angular acceleration, The Unitad States Afr Force 1s currently engaged
in an advanced development program to demonstrate the feasibility of three-dimensional
thrust-vector control to provide ejection seat attitude control and trajectory
steering. This program has served to stimulate the development of more comprehensive
design and evaluation criteris to assure that the thrust-vector control system
functions without causing an unacceptadle risk of injury to the escape system occupant.
A method was developed to 11mit acceleration exposure on the basis of the computed
responses of three orthogonal dynamic models, The method was tnitially developed using
existing data from tests with human subjects and experience with aperationsl escape
systems., More extensive research is now ongoing to evaluate and {mprove the method.
Impact experimants with voluntesrs have been accosplished to more precisely define the
properties of the dynamic response models, E€scape system test data were analyzed,
including measurements of linear acceleration and angular velocity. This paper
describes the acceleration exposure limit method, summarizes the results of recent
fmpact tests accomplished with volunteers and provides revised dynamic response model
coefficients derived from the results of these tests. Recent applications of the
accelerstion exposure method Include evaluation of the performance of the ACES [}
ejection seat, development of the CREST advanced escape systesw technologies
demonstrator, and study of crew escape systems for hypersonic flight vehicles. Future
research directions are also discussed.

INTROOUCTION

Specification of the limits of human tolerance to short-duration acceleratfon 1s
an extramely difficult probiem. First, experiments to cause injury of living humans
are cleariy an unacceptable approach to acquiring the data to define these ITimits,
Tests of human cadavers allow the exploration of stress levels that will cause injury,
but the results of these tests have frequently indicated the likelfhood of injury at
levels that are known to be weli tolerated by volunteer subjects or individuals
involved in accidents. Therefore, one must use the limited results of early
experiments with huean subjects where fnjury was inflicted accidentally due to
1gnorance of the actusl risks, interpret sketchy information available from vehicular
accidents, and develop a basic understanding of human body dynamics from tests
conducted at non-injurious levels, Second, 1t 1s difficult to extrapolats from a sat
of conditions known to causa injvry to another set of conditions whose effects are not
directly known. In the infancy of escape system design and development, aeromedical
research was focused on the development of criteria for ejection seat catapults (1,2).
The primary fasue that was addressed was: What set of acceleration conditions are well
tolerated by the ejecting aviator dut will also provide an adequate velocity so that
the seat and fts occupant will clear the tatl of the aircraft? Although a rectangular
acceleration waveform would provide the most efficient mesans of developing the
greatest velocity within a given catapult stroke length, the investigators determined
experimentally that the human body response was more violent when the time to the pesk
acceleration was vary short, The acceptable acceleration condition was found to have
the waveform shown in Figure 1 (3). For catapult destign purposes, human tolerance
1imits could thus be easily described in terms of two parameters, peak acceleration
level and rate of onset of the acceleration. This same 2pproach was used to develop
the human tolerance criteria for the aerodynamic deceleration phase of escape from
high-speed atrcraft and the development of the ejection catapult for downward ejection
seats (4,5). The approach seemed to bd adequate to deal with the acceleration
conditions during the catapult phase of emergency escape and in the interpretation of
the results of tests with volunteers conducted using & rocket-propelled sied. But the

imit pargmeters were difficult to apply to acceleration measurements made durirg
inflight or rocket-sled tests of ejection seats. The idealized acceleration profile
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that was presumed to use the two-parameter exposure limit method only occurs if the
ejection seat is aerodynamically stable, i.e,, 1ts attitude remains fixed with respect
to the wind vector throughout the deceleration phase of the escape sequence.
Unfortunately, ejection seats are not aerodynamically stable.
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Figure 1. Acceleration-Time Profile of the M5 Ejection Catapult (3)

Although favestigators suc® as Stapp accomplished admirable and even heroic
research to establish human acceleration limits, the complex mulitiaxial accelerations
assocfated with more advanced escape systems such as the 8-58 and B-70 encapsulated
seats become practically impossible to evaluate using the peak acceleration and rate of
onset criterta that were standardized (6). Although various committee-dertved
techniques were used, e.9., ignoring accelerations having durations under a specific
duration, no consistent theoretically sound procedure was universally accepted.
Kornhauser (7) first proposed a theoretically bz-ed technique and demonstrated the
validity of one of fts major premises by experimzntation with small animals. Payne
expanded the technique proposed by Kornhauser and mathematically demonstrated the power
of the technique to analyze the effects of complex acceleration waveforms and to
understand the basic principles of impact protection systems (8,9).

The approach proposed by Payne as well as others such as von Gierke (10), wused
mathematical models that are descriptive of mechanical system analogs of the
dynamic-response characteristics of the human body. Although more complex models,
such as those developed to explain human responses to vibration, were initially
explored, simple single-degree-of-freedom, lumped-parameter models appeared to be
sdequate to explain the limited available test data applicable to escape systams.

The model that was developed to the most satisfactory degree was the Dynamic
Response Index (DRI} model (11), which was developed to estimate the probability of
compresstion fractures in the lower spine due to acceleration directed along the
longitudinal axis of the spine in a pelvis-to-head direction (+Z axis). This model was
verified by comparing the response of the model to ejection catapult acceierations with
the operattonal injury rates associated with the specific esscape systeams (12,13).

After operational verification and use of the model in the analysis of data from tests
of several developmental escape systems, the DRI mode! was ifncorporated into the United
States Air Force and multinational specifications for ejection seats and escape
capsules (14,15,16), The DRI model! was then successfully used in the design, test, and
evaluation of the ACES Il and the SIIIS-3 ejection seats,

Development of X-axis models proposed by Payne was impeded by the lack of
sufficient data to verify the coefficients of the models or to approximate the
11ikelinood of injury associated with the response of the model. Fortunately,
additional experimentation with volunteers was contirued to study the human response to
short-duration acceleration. This work has included the investigation of human
whole-body response (e.g., 17,18,19,20,17,18,19,20,21,22,23) and the response of
specific body segments such as the neck and head (e.g., 24,25,26).

Current escape system research and development efforts within the United States
Afr Force (USAF) may be categorized in terms of four objectives. These are:
improvement of existing escape systems, axtenston of the capabilities of open ejection
seats, investigacion of integrated cockpit/escape systems, and development of escape
system concepts for vehicles operating in hypervelocity flight regimes. Examples of
these efforts include upgrade of the recovery and landing systems of the F/FB-111 crew
escape module, the Crew Escape Technologfes (CREST) advanced development program
(27,28), design of a cockpit escape module (29), and studies of escape systems for
vertically and horizontally launched hypervelocity vehicles (30), Each of these
efforts has a commor ictivity, evaluation of the acceptability of the escape systems by
analysts of the accelerations procduced by the system., This crucial activity is carried
out during both the design and test phases of escape system development. The ongoing
escape system development efforts also share a second attribute, the acceleration
conditions associated with each of the systems are complex inciuding irregular
waveforms and changing acceleration vector directions. These complex acceleration
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conditions have not and cannot be sfmulated with existing laboratory factlities.
Therefore, assessment of the effacts of these accelerstions must be accomp'ished by
using dynamic response models.

Until recently the method used by the USAF to evaluate the performance of escape
systems was limtted to the use of the DR! technigue for the ¢Z axis only, Linear
accelerations acting on the + and -X, + and -Y, and -1 axes were evaluated ustng graphs
or tables, which required the fitting of the acceleration-time histories by a graphical
approximation method (14,15). The method is inadequate for numerous significant
reasons. First, the method fs not able to evaluate the ltkelinood of Injury unless the
acceleration acts 1n the +2 axis. Accelerations tn the X, Y, and -1 axe; are either
::tnin ;he "zone of safety” or within the "zone of probable disadlement® as shown in

qure 2.
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Figure 2. Acgceleration Exposure Limit Graph and Table for -2
Acceleration with Rise Times Equal to or Greater than 0,04 Sec.

Secuad, the graphical approximaiion technique §s not & practical method to
evaluate the complex waveforms associated with contemporary or advanced escape
systems. T.ird, the method does not address the effects of angular accelerations and
velocities, Fourth, althougn & computer program was developed to automate the use of
the method, the automated analysis was fraught with the same limitations mentioned
above as well as several others attributable to simplifying assumptions that were
necessary to automate the method,

fn order to overcome these limitations a more comprehensive method has been
developed to evaluate the effects of escape system accelerations and velocities on the
human occupent (31,32). The approach 1s summarized as fcllows: Relatively simpte
jumped-paraseter models, which are based on the dynamic response characteristics of the
human body, are used to evaluate the effects nf linear acceleration components acting
in the orthogonal axes of the human body. The accelerations are presymed to have their
greatest deleterious effect when acting at 2 specific critical point, This critical
point has been defined as the center of mass of the upper torso, although multiple
critical points can and have been defined and evaluated. The magnitude of the
responses of the dynamic response models have been related to the risk of injury., In
the +Z axis the magnitude of the response has been correlated to an infury probabtliity
distribution fuaction (11). In the other axes the risk of injury has been estimated nn
the basis of laboratory experiments and experience with operation] escape systems.
The estimates have been resolved into values corresponding to low, moderate, and high
risk of major 'nfury, The effects of the resultant acceleration condition are
evaluated in terms of ellipsoidal envelopes for each injury-risk level.

This metihod 1s a first step in a more comprehensive fnjury assessment plan that
includes strategies taflored for the escape system design and test phases. During the
design phase the performance of an escapes system concept will first be evaluated using
a whole-body response model such as the one described above. This evaluation will be
done based on the acceleration and veloctiy-time histories computed using models of the
escape system. MNhere required, more refined analyses will be accomplished to evaluate
the potential for spectfi¢ types of injury such as might be caused by direct tmpact of
the occupant's head or motion of the extremities, During the subsequent test phase of
the escape system development, two general! methods will be used. First, the effects of
the linear and angular accelerations of the escape system will de evaluated using the

s
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whole-bedy response medel and the specific tnjury-sode models vsed in the desigan phase.
Second, specially designed and fastrumerted maniking (33,34,35), which have static and
dynamic tnertial properties as well as kinematic and kinetic response characteristics
of the human bdedy, wil) be used in the e3cape system tests., These manikins will be
used to make seasuremants of the forces and moments acting on spacific anatomical
Jotats snd skeletasl structures as well o3 the acceleration of criifcal dody segments
such as the head.

The purpose of this paper s to describe the while-dody aczeleration exposure
sethed that has been develieped to €ate and 2o provide examples of the experimental
efferts accomplished to develop more accwrate dynamic response mode)l coefficients.

WROLE-B00Y ACCELERATION EXPOSURE LIMIT METNOD

The objective of the computation of dynamic response 1s to develop estimates of
the general risk of tnjury at & spectfied critical point dy anmalyzing measured linear
acceleration and angular velocity time histories. The angular velocity of the escape
systes 13 messured and the ltnear acceleration is measured at a known point in the
escape system coordinite system. The critical point is the point in the seat
coerdinate system at which the dynamic respanse (DR) and the assoctated risk of injury
are ceaputed.

If the ltaear acceleration at any pofnt in the seat coordinate system is known
and the angular velocity of the seat is known, then the motion of the sest 1s uniquely
defined and the linear acceleration at sny point in the ejection swat coordinate system
can be calculated. The dynamic response of the body in the ejection seat is modeled dy
4 mass, spring and damper system attached ts the seat. For simplicity, the motion of
the body in each orthogonal axis {s assumed to De independent so that each orthogonal
azis can be modeled with a different dynamic system.

Each dynsmic systes 13 accelerated dy the component of the critical point
acceleration that 1tes along the correspoading orthogonel axts. The DR for each
orthogonal axis is computed from the deflection of the spring of the system, The
dynamic responses of the tAree orthagonal axes are used to calculate a general
whole-dody injury risk in terms of an eliipsotdal approximation.

The equation of motion that descrides the spring deflection of the dynamic system
slong each axis is:

i 2
I.zunc;-‘t--c (1)
where:

T 13 the relative acceleration of the dynamic system mass with respsct to the
critical point,

3 13 the retative velocity of the mass with respect to the critical point,

§ 13 the deflection of the sass with respect to the critical point, A positive
value represents compression, .

L is the damping coefficient ratto.
“ is the wndamped natural frequency of the dynamic system.

LA ts the critical point acceleration component that lies along the axis. The
dynasic response for each axis is given dy:

« s (2)
where: 9
OR is the dynamic response of the dynsmic system and g is the acceleration of

gravity. The acceleration of the critical potnt is related to the acceleration of the
mesasured point and the 2ngular velocity of the escape system by the equation:

LA RS 3;1(‘; - Tg) 4 wox(Ex(T, - T,)) (3)
where:
a, s the acceleration of the mzasured point with respect to rest.
L 13 the position of the mecsured point in the ejection seat coordinate system.
2, fs the acceleration of the critical point with respect to rest.
fe fs the position of the critical point in the ejection seat coordinate system.
“ fs the angular velocity of the seat,

v 1s the sngular acceleration of the seat. It is computed by differentiating the
angular velocity,

v s e oty

i i
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The genera) risk of injury is calculated dbased on the DR values for the three
axes and the OR 1imit values. Different DR 1imit values are used for Jow, moderste and

o- [ G0 - Gi) - B 1 “’

DRX, ORY and ORI are the dynamic responses for the X, Y and I axes,

2

where:

ORXL, DAYL and DRIL are the X, Y and Z OR 11ait values,
8 is the fnjury-risk criterion,

The computationa) methods described above are appliied to analyze the messured
Tinear acceleration and angular velocitytime histories, Computational outputs taclude
time histories for the critical point acceleration, the angular acceleration, the
dynamic response (OR) for #)) three orthogonal axes, and the i1njury-risk criterton for
low, moderatc and high risk., The OR time histories are compared to the DR limit values
for low, moderste ard Migh risk to determine the degree of risk in each axis. The
injury-risk criterion-time histories for low, moderate and high risy can de evaluated
to deteraine the degree of risk for the whole body response. The escape system
occupant s considered to have exceeded a specified injury-risk level 1If the
injuey-risk criterion has & magnitude greater than one,

MODEL DEVELOPRENT AND EXPERIMENTAL YERIFICATION

The inttial approsch that was used to develop each dynamfc response 20del varted
in accordance with the data that were available for the development effort, For the ¢+l
axis the existing OR! mode]l was adopted. Oata for the -I axis were limited to the
results of experiments conducted by Shaw (5) and Schulman, et al (18) and operational
expertence with the 8.47, B-52 and F-104 downward ejection seats., The resuits of the
tests conducted by Shaw and the operational ejection expertfence were used to estimate
the moderate risk-level. The data collected by Schulman, et al, were used to estimate
the high-risk level, Although the symptoms of 1njury observed by Schulman, et al, were
fndefinite, the restraint system was elaborate and provided more protection than would
be expected of a less encumbiering restraint system that would be acceptable to
operational personnel, The measyrements taken by Schulman, et a!, 1ncluded
2ccelerations measured on the subjects and restraint forces, These data were used to
estimate the natural frequency and damping coefficient ratio of the model. The
frequency was slightly lower than the ORI model and the damping coefficient was nearly
:dontlcnl; therefore, for simplicity the ORI model coefficients were initially adopted

or the -Z axis,

Initial estimates of the X-axis model properties were derived from tests that
were not specifically designed for that purpose. The data that were used were
obtained from numerous reports of tests with volunteers published by the USAF, US
favy, and US Department of Defense contractors. Thus, there was a wide disparity
between the experimental methods and messurements, For example, the time to pesk
acceleration for the +X axis data were largely in the range of 0,02 to 0,05 sec with a
few data points in the renge of 0,008 to 0.01 sec. The data for the -X axis were
collected from tests where the time to peak acceleration ranged from 0,025 to 0.160
sec. Measurewents of body response were limited in most of the experiments. In view
of these limitations, the data were first analyzed using the half-sinewave
approximetion technique descrided in reference 31, The approach led to a model for the
-X axts with a natural frequency of 62.8 rad/sec and a damping coefficient ratio of
0.2. Data -from +X axfs experiments did not provida sufficient datas to estimate these
coefficients with much accurscy; however, the sodel for the -X axis appearad to fit the
available data to a reasonsble degrae as descrided in references 31 and 32,

Further confirmation of the -X axis model coefficients was obtained by amalysis
of the experimental data reported in reference 23, These data were analyzed using a
transfer-function technique., The transfer-function technique analyzes the dynamic
motion of the subject 1n the frequency domain. The motion of the subject in 2 seat fs
modeled by a dyn-zic mechantical system consisting of a mass, spriny and damper attached
to the seat., The seat acceleration is the bese acceteration of the dynamic system and
the acceleration of the subject ts the mass acceleration of the system. The ratio of
the system mass escceleration to the base acceleration Is known as the transmissidbility
since 1t represents the transmission of motion from the base tn the mass. A
mathematical equatfon for the transmissibility can be derived by finding the Fourier
transform of the equation of motion of the spring-damper system (36)., The peak
magnitude of the transmissibiiity 4s a function of the damping coefficient ratto and is
{ndependent of the natural frequency. Consequently, the damping coefficient ratto can
be calculated from the peak magnitude of the transmissibility, The frequency where
the pesk magnitude occurs 1s 2 function of the demping coefficient ratio and the
nstural frequency. It 1s used to calculate the natural frequency,

The transfer-function analysts wss performed on a set of data from 1! impact
tests without dynamtc preload, 1.e., without acceleration prior to the primary impact
event (23). The tests were conducted using a half-sinewave acceleration profile
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produced by a hortzontal accelerator. The impact trsts were accomplished at a lavel of
10 6 with an impact velocity of 9.3 m/sec and a time to peak accealeration of 0,053 sec.
The results of the transfer-function analysis of the upper torso acceleration indicated
a2 mean natural frequency of 64.5 rad/sec (S.D. = 0.70) and a mean damping coefficient
ratfo of 0.26 (5.0. = 0,103),

Unfortunately, the results of the transfer-fuaction analysis could not be relied
upon to provide an accurate estimate of the damping coefficient ratio. Since the time
to peak of the acceleration of the seat was 0,053 sec, the seat acceleration frequency
spectrum could not be expected to have sufficient energy at the primary resonance of
the upper toreo to odtain maximum dynamic respoanse at that frequency. Therefore, the
computed value of the damping coefficient ratio could be higher than the actual value.
However, the damping coefficient ratio that was obtained was considered to be within a
reasonable range and was used for inftial analyses,

The high risk of injury levels for the X-axis models were developed for the most
part using the results of tests with human subjects conducted by Stapp (4,37) and
Beeding (38,39). The low-risk levels were developed by computing the response of the
X-axis model to acceleration conditions that are routinely used in research
laboratories without injury. Although the resesrch efforts were conducted with
subjects who were carefully screened for pre-existing medical problems and were well
restrained, this approach was considered to be conservative, since the restraining
effects of the aerodynramic forces acting tn the X axis were not present in most of the
experimental data that were used.

Development of the Y-axis model proved to be the most difficult due to the
paucity of data. Only one set of availadble data collected with human subjects was
found to be suitable for transfer-function analysis., These data were collected during
impact tests to evaluvate F/FB-111 crew restraint systems (40). The data set consisted
of 13 tests conducted at 2 deceleration level of 8 G using a trapezoidal waveform with
an impact velocity of 8,84 m/sec, a time to peax acceleration of 0,022 sec and 2
preload due to track friction of 0.25 6. The results of the transfer-function analysts
indicated a mean natural frequency of 38,0 rad/sec (S.D. = 1.7) with a mean damping
coefficient ratio of 0.07 (S.D. = 0.04). The accuracy of the damping coefficient ratio
is higher in this analysis than in the analysis of the X-axis data since the time to
peak acceleration is shorter with respect to the natural frequency of the modei. The
relatively low damping coefficient ratio is probadly dve to the poor coupling between
the seat and the subject provided by the conventional restratnt harness that was used.

Injury-risk levels for the Y axis could not be established with any confidence
since clear evidence of injury other than knee injury (40) and syncope (20) have not
been observed under ladboratory conditions. The injury-risk levels were judged on the
basis of existing expert opinions and available data (17,20,40,41). The DR limit
values that were establisned as a result of this inftial analysis are shown in Table I,

Table 1. Initia)l DR Limit Values

owx, i owa,

a ol a_<0 | C.r.* 8.p.4 | a 00 Ic’<°

Low Risk 35 28 14 15 15.2 9

Modecate Risk 40 35 17 20 18.0 12

Oicgh Risk 4 44 2 30 2.8 15

where:

LI is the X axis component of the acceleration acting at the crilical point,
3., ts the 7 axis component of the acceleration acting at the critical point,

*The column of limits values designated C.R. should be used {f conventional
resiraint such as a lap belt, two shoulder straps, and crotch strap restrains the seat
occupant.

**The column of 1imit values designated S.P, are permitted 4f side panels or
equivalent structures are used to prevent sideward movement of the seat occupant
including the occupant's head,

EXPERIMENTATION TO DEVELOP OYNAMIC RESPONSE MODELS

Avatlable data from impact tests with human subjects provide some {ndication
that the impact response of the human body with coaventional restraint systems may bde
non-linezr to a degree that would make attempts to use linear models to depict human
response & questionable approach, Likely sources of the non-linearities include
restraint slackness, the inftial low stiffness of body soft tissves and restraint
materfals, and the effects of muscle tonus at low acceleration levels, The use of a
Vimited set of impact test conditions and Tinear systems analysis methods, such as the
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transfer-function techniques or transient mechanical impedance tachniques, can lead one

to inaccurate conclusions, Therefore, 2 more comprehensive serfes of impact

sxperiments was designed to measure the response characteristics of the human dody with

conventional restratnt systems. The experimental designs were devaloped to explore a

::ond :ange of accelerattion-time profiies, acceleration levels, and scceleration vactor
rections,

The first series of expertmer.3 were accomplished Dy the Armstreag Aerospice
Medical Research Ladoratory (AAMRL) to measure human response to fmpact in the -X axis
(42). The tests were performed on a horizontal accelerator wiing six, Malf-sinswave
jagact profiles. The experimenta) conditions are summarized in Table II.

Thirteen volunteer subjects representing a broad renge of sizes and weights
participated in the test program and were exposed In random order to the impact
condittons. The subjects were impacted in 2 seated position with & sest-dack angle of
13 degrees aft of vertical. The sudjects were restriined by two showlder straps, a lap
belt and crotch strap with a configuration geometry in accordance with current desiga
practice (43). The dats collected during the experiments included sest acceleration and
forces, linear and angular accelerations of the head froa transducers held to the
subject’'s teeth, linear and angular acceleration of the chest fros transducers mounted
over the sternum, linear acceleration over the mid-thoracic spine, restraint-tiedown
forcas, acceleration over the lower-lusbar spine, subjective comments, and bdody segment
motion. Means and standard deviations for selected data are shown i Tadle III. The
restraint forces that are given 1n Tadle III are resultant values.

Tadble 11, Conditions for -X Axts Tests

Test Csll A [} a2 ¢ b ]

n 12 12 10 13 10 10
Sest Accsleration (G) Moan -10.97 |-10.92 |-10.31 |-10.33 {~10.39 |-10.05
8.D. 0.21 0.16 0.06 0.46 | 0.28 0.13
Time to Peak G (Bec) Mean 0.017{ 0.021] 0.029] 0.038] 0.065] 0.117
8.D. 0.001] 0.001} 0.001] 0.003] 0.004| C.003
Pulse Duration (Sec) Fean 0.027{ 0.046{ 0.061] 0.079] 0.150] 0.245
s.D. 0.001} 0.001} 0.001] 0.001F 0.001| 0.004
Velocity Change (W/Sec)|{ Mesn 1.46 2.49 .92 5.02 | %.74 11532
8.D. 0.01 0.02 0.02 0.05 | 0.13 0.10

Table III. Summary of Data from -X Axis Impact Tests

Test Coll( A n n [ -]
n 12 12 10 13 10 10
Acceleration at Stermm (Gx) Mean ~5.901-10.00{-14.49]-15.67]~14.16| -9.68
8.0 0.73{ 0.94f 1.63} 2.01] 1.79] 1.10
Mid-thoracic Acceleration (Gx)| Mean ~6.72]-11.37{-17. 42| ~19.48{-19.70[-12.04
8.D 1.00 1.28] 1.67( 2.92{ 3.07 1l.60
Acceleration at L4 (Gx) Mean -6.981-13.17{~19.77]-10.61}|-16.95|-11.8%
8.p 1.631 1.571 2.69} 2.13} 1.31] 0.6%
Mead Acceleration (Gx) Moo ~4.65¢ -8.02]-13.30(~15.43|-16.99]-15.52
8.0, 0.93F 1.75] 4.41| #8.16} 3.21] 3.3
Shoulder Barness Porce (M) fisan 10141 2073] 3207| 3309f 3768] 3776
8.p. k2N S12] 6411 300 663
mght Lap Belt Porce (M) Msen 1330 2860f 4341] 44701 4386| 2998
8.D. 19 358 426{ 5071 €7 m
Laft Lap Belt Porce (N) Mean 13121 28567 4448] 48515] 4390] 3100
8.0 185 338 3% 543 645 284
Crotch Strap Porce (M) Pean 287 $03 569 3] a3 703
8.D. 120 185 196 303 284 150
Seat X-Axis Force (M) Mean ~974] -1068{ -1201] -1134] -1068] -9%6
8.D. 113 201 103 57 i3 163
Seat 3-Axis Force (m) Rean 34921 Ssn| Tre4| e167] 8073 sSas4
£.D, 120 694] 11251 1248] 1w 854
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Figure 3 shows the relationship between ihe measured data and the response
characteristics of the dynamic model developed from these data., The points encircled
in Figure 3 are the mean ratios of resultant chest acceleration and the z axis
accelaration of the seat for esach test test condition measured at the starnum.

Standard deviattions about the means are indicated by crosses above and below the means.
The curve that is shown is the relationship between amplitude of the response of a
dynamic model and the acceleration duration of half-sinewave acceleration profiles with
a constant peak acceleration. The model has a natural frequency of 56 rad/sec and a
damping coefficient ratio of 0.04. The inftial estimate of the natural frequency of
the model was derived by transfer-function analysis and then adjusted to provide a
better fit to the mean values, The damping coefficient ratio was dertved by fitting
the response curve to the mean acceleration values in the accelerattion-duration range
of 0.085 to 0.150 sec. The relatively poor fit of the model to the values at the
acceleration durations of 0.027 and 0.046 set was accepted as due to the relative
ineffectiveness of the restraint geometry and soft-tissue deformation., Similar dynasic
response characteristics were seen in the chest response measured over the mtd-thoracic
spine although additional amplification of adbout 20 per cent was observed due to the
dynamic response of the thoracic volume. The response of the head and neck 3lso
reflected the influence of the frequency response of the upper torso at the shorter
impact durations as well as the lower frequency response of the head/neck seen in the
data reported by Ewing (24) at the longer durations. Restraint-tiedown forces also
reflected the influence of the dynamic response characteristic of the torso. The
severity of the i1mpacts as indicated dy subjective rasponse questionnaires correlated
well with the amplitude of the measured acceleration and forces. - - e -

PO
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CHEST ACCELERATION

0.5

0.0 T T T T T
0.00 0.05 06.10 0.15 0.20 0.25
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Figure 3. Ratios of Resultant Chest Acceleration and Seat Acceleration for Each
-% Axis Impact Test.

' The most recent series of experiments conducted to refine the dyrmamic response ;

- models was conducted to measure the human response to impact in the -Z axiaz (44), H
These tests were also performed on a hortzontal accelerator using stx, half-sinewave
impact profilies. The test conditions are summartized tn Table IV, Twelve volunteers
participated in the tests., Eight to 12 subjects were restrained in a sented position
using two shoulder straps, a2 lap belt with crotch strap, and leg straps. The seat

: back was parallel to the acceleration vector. The subjects grasped two ejection-

! fnitiation handles that were instrumented to measure tensfon forces, The measurements

also fncluded seat acceleration and forces, restraint-tiedown forces, nead and chest

Tinear and angular accelerations, subjective comments, and dody segment motion.

Means and standard deviations for the primary measursmerts are given in Table V,
Acceleration measured on the head and chest reached maximum values when the
acceleration profile duration was 0.082 sec., The head and chest accelerations were
less than the seat accelerations when the acceleration profile duration was 0,030 sac.

Figure 4 shows mean ratios of the resultant chest acceleration and seat
acceleratfon for each test condition, Corresponding standard deviations are also
plotted about the mean values. The curve shown tn Figure 4 is the ressponse of a
dynamic model to half-sinewave acceleration profiles with a constant peak acceleration
! level, The natural fregquency of the model that best fits the qdata is 47.1 rad/sec with

a damping coefficient ratio of 0,24, The natural frequency and the inftial estimate of
the damping coeffizient ratio were derived by transfer-function analysis.
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Table 1V, Conditions for -1 Axis Impact Tests

Test Cell L n ] [+] 4 Q
n 1 12 1u 10 [ ] 12

Sest Accsleration (G) Mo ~10.41|-12.38{~11.43|~10.69]-10.15{~10.26

8.0 0.09] 0.18f 0.26] o0.08f o0.08] 0.7

Time to Pesk G (Sec) Femny 0.017} 0.036| 0.038] 0.063( 0.10%] 0.114

8.0 0.001] 0.00%5| 0.001] 0,081} 0.007| 0.001

Pulse Duration (Sec) Mooy 0.033] 0.065] 0.08S} 0.158] 0.213} 0.2%2

8.0 0.001§ 0.001] 0.001] 0.001] 9.004{ 0.001

Welocity Change (W/Sec)| Nesn 1.47] 3.97] 4.98] s.asf 12,29 15.40

8.0 0.02{ 0.04] 0.0%] 0.04f o0.09| 0.07

Table ¥, Summary of Data From -I Axis Tests

Teet Cod)} L | A n]| ol » Q

n 1 12 1 10 ] 12
Acceleration at Stermum {Gs)| Mean ~7.02(-12.76]-13.501-13.87]-12.56}-10.00
s.D 1.47] 2.12| 1.08] 1.60{ 2.18{ 0.%8
mead Acculeration (Ge)] Mean ~6.64]-17.23|-18.54]-18.46]-15.46{-12.33
8.D. 0.89] 1.15] 1.64f 1.58] 1.39) 1.39
Shoulder Burness Force (M) Moay 868 2006] 218! 2118| 2336{ 1962
$.D. 165 489 a7 [ ] 503 370
Right Lap Belt Frorce () foen 1190 3017] 3319| 3447 3084 2510
8.D. 160 402 ns u3 344 262
Left Lap Belt Force (W) | mean | 1221] 3078] 3287 3as] 320 2528
8.D. 1%0 404 a0 n4 442 265
Crotch Strap Foroe (W) Meany 46| 18621 2001 2052) 1747] 1439
8.D. {53 741 m (75} n2 17
Right Leg Mestraint Force(N)}{ Mean 627f 1074{ 1046] 1025§ 962 846
8.D. 93 27 195 138 115 118
1aft Leg Mestraint Force (N)| Mean 617| 1043| 1026] 1004 926 836
8.D. 188 185 183 122 119
Right Nendle Porce (M)} Mean 333 559 %22 %S 644 531
8.D. 99 165 138 1 13 137
Laft Mandle Force {¥)] Meen 383 579 657 nus 829 677
8.0, 98 12% 163 208 180 183

A two-degree-of-freedom model was used to study the response of the head. The
best fit, which is shown in Figure 5, was obtained with both the lower degree of
freedom and upper degree of freedom having natural frquencies of 47.1 rad/sec and
damping coeffictient ratios of 0,24, The ratio of the mass of the upper degree of
freedom to the mass of the lower degree of freedom {3 0.3,

As 1n the case of the study of the human response 0 -X axis scceleration, the
restratnt-tiedown forces also reflected the response of the torso to the impact
conditions,

Since the model coeffictents found from the -7 ax1s fmpact tests are somewhat
different than the DRI model coefficients used in the tnitial dynaric response mode)
for the -7 axis, new DR limit values were computed, The low-risk limit was computed
from the test results using a single-degree-of-freedom model, This value §s 13.4. A
soderate-risk value of 16.5 was computed using the maximum sllowsdle acceleration
condition of MIL-5-94798, A high-risk value of 20.4 was computed ysing the worst-case
impact condition tested with volunteers by Schulman, et al, The resulting

;ccclur;ﬂon exposure limit curves for half-sinewave sccelerstion profiles is thown in
fgure 6.
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Figure 4. Ratfos of Resultant Chest Acceleretion and Seat Accelerstion for Each
-1 Axis Impact Test.
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Figure 5. Comparison of the Response of a Two-Degree-of-Freedom Model to
Experimental Measurements of Head Acceleration. ’

DISCUSSION

The experiments that have been conducted by the AAMRL to measure human body
impect response over 2 broad range of acceieration conditions have shown that linear
system approximations of the measured data are reasonable. The acceleration
attenuation expected in the short-duration acceleration regime is seen in the
experimental results as well as the amplification of the response that was expected at
the resonant frequency. Subjective estimates of the relative severity of the impact
conditions were found to generally correspond to the measurement of body accelerations,
The experimental results tended to also confirm earlier estimates of the natural
frequency of the whole body response, Stech and Payne estimated that the primary
resonance affecting human tolerance to fimpact in the -X axis was 60.8 rad/sec with 2
damping coefffcient of 0,23 (11). However, these estimates had been based upon limited
observations over a relatively narrow range of sccaleration-time histo~les, and the
attenustion of the human response for short-duration profiles had not been clearly
demonstrated with human subjects.
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Figure 6. Exposure Limit Curves for Half-sinewave Acceleration in the -1 Axts,

The experimental results of the tests of humans in the -X axis showed a2 small
difference between the initial estimate of the natural frequency affecting whole-body
tolerance and the experimentally determined value, 62.8 versus 56.0 rad/sec
respectively. The difference between the Initial estimate of the damping coefficient
ratio and the expe-imental result 1s wore significant, 0.2 versus 0.04, and suggests . :
that the original computations to estimate the injury-risk Javels should be
reaccomplished. This work is in progress using additional data receatly recoverad froam
experiments conducted using the Datsy Track impact facility at Holloman Air Force Base.

The exparimental results from the -7 axis tasts show a similarly small difference
between the natura) frequency initially estimeted and that experimentally derived, 52.9
rad/sec versus 47.1 rad/sec, but this difference also has 11ttle practical effect. The
difference between the damping coefficient ratio orfginally assumed for the Z-axis,
0.224, and the experimentaliy demonstrated value, 0,24, are within the experimental
error, The most important result of the test results, for the -Z axis is that they
provide a firmer data base for the dynamic response model, which in turn provide a
method to revise earlier estimates of the injury-risk levels,

Additfona) experimental efforts are currently being planned to tfavestigate human
body response to ‘mpact in the Y axis, These efforts will include tests with
conventional restraint harnesses and full-body support panels since the body support
and restraint configuration will have a large effect on the model properties. .

The primary esphasis of the experimental efforts conducted recently in the Unfted
States has been on measuring the human response to impact vectors along the three
orthogonal axes. However, ressarch is now being focused on the effects of fmpact
vectors In other axes. Experiments recently asccomplished at the AAMRL by Perry and
Brinkley have investigated the effects of short-duration acceleration directed n the
+Z axts and 1n axes 10, 5, -5 and -10 deqrees off of the I axis {n the mid-sagittal
plana, These experiments have not shown significant changes in the frequency response
of the volunteer subjects as a functfon of these angles at acceleration Jevels up to 10

.

Future analytical efforts will be focused on developing methods to inciude the
effects of both inertial and aerodynamic forces on occupants of ejection seats. Rather
simplistic analyses have shown that the aerodynamic forces acting on an ejection seat
occupant during ejection may have beneficial effects as well as adverse effects sSuch as
T1mb flail. For example, the aerodynamic drag force acting on the occupant’s helmet
during decelerattion of the seat and its occupant may effectively restrain the
occupant's nead and reck from otherwise violent forward motion., However, If the seat
yaws excessively during acceleration the aerodynamic forces may cause an adverse effect
since the head will be driven off the headrest by the serodynamic forces. These types
of effects cannot be quantitatively evaluated using existing analytical approaches
since the aerodymanic flow field i3 incompletely defined, but it is known that it is
not uniform (45),

The practicality and effectiveness of using the exposure ltmit method that has
been described within this paper is now being evaluated within the laboratory and also
within escape system development programs. It has been used to amalytically evaluate

e o i g o S e V.




U S

1-12

the effects of seat occupant weight on the performazce of the ACES II ejection ssat and
to avaluate the test data from ejection tests of several escape systems. The method
has also been used throughout the development of the Crew Escape Technologies ejection
seat desonstrator and in the exploratory of several hypervelocity escape system
concepts, This combination of laboratory, field test, and contractor use has been
critical to the continued development and ifmprovement of the method. This interactive
process has also been vital to prioritizing the laboratory experimental efforts and
adjusting the escape system test methods.
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RESUME

L'évolution des conditions d'éjection des pilotes d'avions de combat
amine A envisager le domaine grande vitesse, basse altitude comme une probabilité
noa négligeable. Si les probldmes 1liés au souffle adrodynamique et A la stabilisation
du sidge constituent les facteurs les plus pénalisants, il peut également exister
un risque traumatique 1ié A 1'ouverture du parachute.

Une étude portant sur des tirs de compatibilité du sidge MX 10 avec
différents avions de combat a été réalisde sur des essais au rail dynamique. Les
résultats montrent unc augmentation importante des accélérations + Gz enregistrées
& l'ouverture du parachute principal.

L'anslyse biomécanique du choc met en évidence le r8le des différentes

phases de 1'ouverture. Ces données aménent A envisager le problime de la normalisation
et des critdres utilisables.

1. - INTRODUCTION

Les conditions de combat d'un avion tactique moderne 1'aménent A évoluer
de manidre prolongée et répétde en tréds basse altitude A grande vitesse. L'introduction
des systdmes de guidage inertiel ot de suivi de terrain automatique a permis de rendre
ce typs d'évolutions parfaitement opérationnel en toutes circonstances. Toutefois,
dans ces conditions, la probabilitd d'avoir A tenter une éjection au cours d'une mission
de combat est loin d'étre négligeabla.

Avec les sidges modernes munis de fusées, les risques des éjections
grande vitesse ne résident généralement plus au niveau de 1'impact avac les structures
de 1'avion. L& passage de la dérive est assuré largement, méme A 1'extréme linmite
du domaine. En revanche, les effets du souffle aérodynamique et les problimes liés
& la stabilité du sidgu pendant la phase ballistique ont largement &té &voqués. Ces
dernidres années, d'importants efforts technologiques ont été réalisés dans ce domaine.
Ils ont conduit A la mise en oeuvre de concepts de protection qui, sans riagler
définitivement tous les problimes, améliorent notablement les chances de survie du
pilote lors des éjections grande vitesse basse altitude.

L'importance des aspects 1liés au souffls aérodynamique en matidre de
risque traumatigue & 1'éjection contribue sans doute A masquer un risque pourtant
classique, celui du choc A l'ouverture de la voilure principale. Ce risque a été reconnu
de longue date A l'origine de trasumatismes mortels lors de 1'éjection.

S8i 1'on considdre le vaste domaine d'emploi des vollures de sidge
éjectable, du 2éro-zéro Jusqu'd 600 Xt et msdme plus, o3 congoit bien que 1l'optimisation
des carastéristiques d'ouverture n’est pas chose aisée. Ces voilures sont donc
obligatoirement 1le fruit de compromis. En rdgle aénérale, elles se gonflent trbs
rapidement, en une A deux secondes, permettant un fonctionnement correct en toutes
circonstances. Lors des éjections en grande vitesse, ces caractéristiques ont amené
k constater des chocs A l'ouverture d'intensité tréds élevée lors de tirs de sidge
MK 10.

2. - METHODES

Depuis de nombreuses années, le Service Technigue des Programmes
Adronautiques équipe les avions de combat francais de sidges britanniques Martin-Baker.
Ces sidges sont fabriqués sous licence en France par la SEMMB. Le Centre d4'Bssais
en Vol a pour mission d'effeciuer des tirs de compatibilité avec les aéronefs sur
lesquels seron” montés ces équipements. La plupart de ces tirs sont effectués sur
le rail dyremique du Centre d'Essaia des Landes.
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2.1. - Le rail dynamique :
Ce rail a une longueur totale de 2000 m.

Une maquette de la partie avant du fuselage de 1'aéronef testé est montée
sur des patins adaptés au rail. Cette maquette abrite le systime de sauvetage et les
installations de mesure. Elle supporte las efforts dus A l'accélération des véhicules
pousseurs-freineurs. Ceux-ci sont constitués par le véhicule pousseur-freineur GECKO
pour la poussée et la stabilisation en vitesse, équipé de deux augets de freinage
hydrodynamique et des étages additionnels de poussée qui s¢.c ntilisés selon le type
de l'essai.

2.2. - Moyens de mesure et d'observation :
Las mesures sont assurées par deux installations de télémesure embarquées.

La premidre est installée A l'arriare du fuselage dans un caisson fixé
sur le véhicule pousseur. Cette installation a pour but :

- de déterminer la cinématique du véhicule ;

« d'apprécier l'environnement vibratoire cu~s les directions verticale
et transveriale ;

~ de tranamettre en redondance un “"top" de synchronisation avec la mise
A feu du sidge ;

- de mesurer las accélérations cuivant las trois axes au point d'attache
supérieure du sidge.

La seconde est située dans le mannequin. Elle enregistre les paramédtres
de foictionnement du sidge ainsi que les accélérations au niveau du thorax du mannequin
suivant les troils axes X, Y, Z.

Les moyens de mesure optique se décomposent en différentes fonctions,
observation générale, observation particuliédre, observation depuis 1le véhicule et
enfin trajectographie. Les caractéristiques de ces moyens sont résumées au tableau
I.

2.3. - Mannequin :

les mannequins utilisés sont du type ALDERSON VIP 50. Trois tailles
différentes sont utilisées selon les essais, 98 percentile, 50 percentile et 3
percentile.

3. -~ RESULTATS

L'étude porte sur 30 tirs de compatiblité du sidge MK 10 réalisés entre
1979 et 1988 A l'occasion de différents programmes aédronautiques (Mirage Fl1 CR, Mirage
Pl P, Mirage 2000, Rafale, Alpha-jet). Les vitesses d'éjections s'étendaient de 587,8
KEAS (302,4 m/8) A 61 KEAS (31,4 m/s). Le choc A l'ouverture de la voilure principale
a pu étre analysé dans 27 cas.

Avant de considérer les résultats d'ensemble, il convient d'illustrer
1'intensité du choc en grande vitesse avec un exemple précis.

3.1. ~ Présentation d’un tir :

La tracé nrésenté 3 la figure 1 a été enregistrd A 1'occcasion d'un
tir réalisé A 578 Kts. On peut observer que 1l'accélération Gz maximale est largement
supérieure & 25 G (saturation du capteur accédlérométrique) pendant une durée qui excdde
100 ms.

Compte tenu des données existantes dans 1la littérature et bien qu'il
soit parfojs hasardeux d'extrapoler A 1l'homme les résultats obtenus avec un mannequin,
on peut penser que le risque *traumatique dans ce cas aurait &té particulidrement sévire,

Il est également intdressant de considérer les paramdtres dJdétaillés
de ce tir, présentés su tableau II. On observe gque la vitessa sur trajectoire du sidge
au moment du déverrouillage retardé est relativement élevde (132 m/s) par rapport
A la moyenne (environ 120 m/s). Ceci témoigne d'un travail insuffisant du parachute
stabilisateur. D'autre prrt, la durée d'ouverture du parachute (Délai entre le
fonctionnement du mécanisme de déverroulllage retardé et premier grand diamétre de
la voile, est trds brédve (610 ms, 350 entre la tension des suspentes et le grand
diamdtre). En quelque sorte, la voilure s'est "trop bien ouverta®.

Ceci montre bien, que pour une é&jection techniquement réussie, des
variations minimes dans les paramdtres critiques peuvent entrainer des chocs A
1'ouverturs sévéres, susceptibles d'entralner eux mémes des blessures graves,
éventuellement la mort du pilote.




3.2. = Valeurs moyennes

Le tableau III présente les valeurs moyennes des accélérations Gz relevéer
A 1l'ouverture pour trois classes de vitesse d’'éjection (supérieure A 450 KEAS, antra
450 et 150 KEAS, inférieure A 150 KEAS).

81 1'on considdre les durées d'accéléracions supérieures ) 100 ms, pour
las éjections A grande vitesse, on observe que les valcurs moyennes d'accélérations
+ Gz sont largement supérieures A celles ohtonues avec les vitesses plus faibles.
Les valaurs relevéas pour la classe 150 - 450 KEAS sont pour leur part relativement
proches de ce qui résulte de 1'utilisation de parachutes classiques (sportifs ou
militaires). Notons toutefois que la plupart des tirs A grande vitesse ont été réalisés
avec des mannequins 98 percentile, alors que beaucoup de tir A faible vitesse ont
utilisé des mannequins A 50 ou 3 percentile.

Las valeurs maximales observédes en pic et les valeurs relevées A 1la
tension des suspentes accroissent <ncore les différences entre las tirs grande vitesse
et les deux autres classes.

La rdglementation frangaise sur 1’intensité maximale admissible du choc
2 l'ouverture prévoit une limite de 12 G. Cetts ridglementation est, bien slr, uniquement
appliquée aux parachutes militaires et sportifs et aux voiluras de ssuvetage classiques.
Cette norme, déjA trads criticable dans ce cadre se révéle donc rotalemant inadaptée
au probldme du choc A 1'cuverture lors dea éjections. Caci amdne i posur un2 question:
Paut-il et est-il possibie de normaliser les chocs A l'ouverture des voilures de sidge
éjectable ?

4, ~ NORMALISATION DES CHOCS DE L'OUVERTURE DES PARACHUTES.

Avant d'aborder cette dJdiscussion, il parait opportun d'effectuer un
bref rappel sur l'analyse biomécanique des affets du choc A 1'ouverture.

4.1. Analyse biomécanique du choc A 1'ouverture :

I1 existe relativement peu de donnéz2c expérimentaies précises sur les
chocs 3 l'cuvertures des parachutes lors des éjections. En revanche de nombreux travaux
se sont attachés A préciser la direction et 1'amplitude des accélérations subies par
des parachutistes atilisant des parachutes militaires ou sportifs.

Diverses approches expérimentales ont été tentées, en particuller par
CALL et coll. ainsit gue par REID {2,7). Les résultats obtenus lors de ces études ont
permis de préciser les notions d'accélération cubies par le parachutiste lors de
1'ouverture. En utilisant une technique de télémesure pendant le saut, les signaux
de jauges de contraintes et d’accéléromdtres linéaires, placés selon les trois axes
du corps au niveau du thorax, ont pu é&tre enreqistrés pour différents sujets et
Plusieurs types de parachutes. Les resultats obtenus montrent que la valeur moyenne
du pic d'accélération + Gz atteint 7.4 G, avec une tras grande variabilité (de 2,7
A 15 + Gz). La valeur moyenne de pics d'accélération transverse Gx était de 6.8 Gx
avec des valaours extrémes de 2.7 A 14 Gx.

i'analyse détaillée des forces qui s'exercent, surtout au niveau du
rachis du parachutiste, constitue une démarche essentielle pour comprendre les effets
du choc A 1'ouverture.

Les forces crées par le développement de la voilure sont transmises
au niveau de la jonction é&élévateura~harnais qui se trouve, pour la plupart des
parachutes en service, entre la base du cou et la jonction acromjo-claviculaire. Pour
¢e qul concerne le rachis, on constate donc que l'axe jolgnant les raccordements de
la voiluxe sur le harnais passe tris prds de la charnidre cervicodorsale.

Lors de 1l'ouvertursm du parachute, deux #&vénements sont A considérer

- D'un c8té de 1'axe précédemment défini, les forces d'inertie s'exercant
sur l'ensemble téte-colonne cervicaie par ranport au thorax font apparaltre un couple
qui entratne une hyperflaxion de la téta sur le thorax.

-~ Le thorax et le bassin du parachutiste sont, en quelque sorte,
enveloppés par le harnais du parachute. En raisonnant en termes d'inertie, les forces
s'appliquant par l'intermédiiire das sungles basses du harnais, cuissardes et fess,dre,
vont mettre 1a rachis dorsal et lombaire en compression. L'effet est donc celul des
accélérations + Gz, comparable par exemple au départ du sidce éjectable.

Paralldlement A cet aspect biomécanique, les observations de traumatologie
du choc A 1l'ouverture, bien que relativement rares, aménent A considérer deux types
de lésions distinctes : les lésions da la colonne cervicale et les fractures du rachis
dorsal au niveau de D8-D9. Il semhle donc logique de correler les aspects biomécanique
et traumatologique.
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Deux points sont A souligner @

- Dans tous les cas, l'état de la musculature paravertébrale, contraction
ou relaxation, semble jouer un réle important dans l'apparition de lésions.

- Pour ce qui concerne les éjections de pilotes d'avions de combat,un
facteur aggravant nouveau apparait au niveau du rachis cervical, avec 1l'utilisation
de dispositifs optroniques montés sur le casque. Ceux-ci, en g tant la du
systime tidte ccu et, éventuellement, en déplegant le centre d'inertie de la téte,
vont contribuer A la création de couples encore plus importants.

Compte tenu des résultats expérimentaux obtenus lors des éjections grandes
vitesses, on doit alors considérer que le risque traumatique au niveau du rachis
cervical constitue dans ces conditions un factaur trds pénalisant pour la réussite
de 1l'éjection. Encore faudrait~il disposer de critéres précis permettant d'évaluer
ce risque avec certitude.

4.2, - Critdres de lésion et normalisation :

Le préalable A toute démarche de normalisation est d'établir des critdres
de lésions fladles. Dans ce domaine, de nombreux travaux ont &été réalisés, en
particulier pour ce qui concerne la traumstoclogie des accidents d'automobile.

Toutefois, les différents critdres définis dans ces conditions ne sont
pas forcément applicables directement au probléme du choc A 1'ouverture.

A 1l'heure actuelle, pour ce qui concerne les parachutes d'une manidre
générale, la procédure d'homologation comporte une série de 1 rs quins et
des sauts humains.

. Parmi les critdres retenus dans la norme existant en France, il est
spécifié gque 1'effort maximum A 1'ouverture, mesuré au niveau des élévateurs, ne doit
pas dépasser 1200 daN, Avec une masse suspendue de 100 kg, cela correspond
approximativement i un pic d'accélération de 12 G. Toutefois, la norme ne spécifie
aucun critdre temporel associé A la notion d'intensité.

L'élaboration d'une norme plus “compréhensive® implique donc en premier
lieu l'intégration du paramétre temps aux critéres de jugement. Il est en effet bien
établi depuis les nombresux travaux menés A la suite de STAPP que des accélérations
bien plus élevées que 12 G peuvent dtre supportées sans dommage par l'organisme humain
A condition d'avoir des durées trés brdves. Par contre, dés que la durée d'application
augmente, l'intensité tolérable décroft trés rapidement, ce qui constitue une donnée
trés classique. Une excellente revue de ce problame a #té réalisée par SNYDER (8).

Le probldme conaiste donc A déterminer, d'aprés les différentes courbes
de tolérance établies en fonction du temps, une enveloppe dv choc A l'ouverture maximal
supportable sans dosmage par l'organisme humain, Cette enveloppe devrait prendre en
compte non seulement l'intensité des accélérations ev leur durde, mais aussi la notion
de jolt (dérivée de l'accélération). De plus, un: telle enveloppe devrait également
couvrir les deux aspects évoqués pour la biodynamique du choc A 1'ocuverture avec les
contraintes au niveau du rachis cervical et dorsal.

On peut donc considérer aisément que 1'établissement d'une norme répondant
A ces critdres est relativement complexe. De nombresux auteurs et en particulier EWING,
se sont attachés & définir les limites de tolérance de 1l'ensemble tdta~cou pour les
accélérations Gx (3,4). Certaines études (2) ont wmédme précisé la réponse de la tdte
lors des ouvertures de parachutes. Toutefois, l'interprétation et 1la transposition
de ses données en vue de 1'élaboration d’'une norme reste difficile.

La modélisation mathématique de 1la dynamique dJdes segments corporels
soumis A des accélérations complexes constituent sans aucun doute une approche
intéressante. HUSTON et KAMMAN ont appliqué de tels moddles au choc A 1'ouverture
des parachutes (5). Une telle approche, couplée A la modélisation du choc A 1l'ouverture
lelgl;én:es caractérirtiques du parachute (6), peut amener un jour nouveau sur le
prol .

Toutefois ces moddles sont essentiellement descriptifs et ils ne
pourraient éventuellement répondre qu'd une partie du probldme. Ils fournissent
cependant un ocutil précieux, car la mesure directe de données biomécaniques, sur sujet
humain lors d'un saut réel, présente de sérieuses contraintes et est difficilement
applicable en routine.

Le probléme de la représentativité des mannequinas pour les é&tudes du
choc A l'ouverture a été abordé il y a quelques années par BALDOCK (1). Sur ce point,
il faut noter les efforts réalisés pour doter les mannequins anthropomorphiques d'une
plus grande représentativité, an particulier vis A vis des accélérations + Gz.

En dépit de tous ces éléments, il faut bien reconnattre qu'il n’existe
pas de norme simple, de mise en oeuvre facile, susceptible d'@tre uaiversellement
acceptée, qui puisse A 1l'heure actuelle sa‘appliquer au choc A 1l'ouverture des
parachutes.
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La normalisation du choc & 1'cuverture de parachute est un élément :
indispensable pour 1'homoclogation des voilures sportives et militaires. Pour ce qui
concerne les parachutes de sauvetage et plus encore les wvoilures de sidge éjectable
dans les conditions yrandea vitesse et bAuo altitude, on peut s'interrcger sur le
bien-fondé d'une telle démarche.

La mise en oeuvre de ces voilures correspond A des situations
exceptionnelles ou de toute fagon la vie du pilote est en jeu dds le départ. Compte
tenu de la multiplicité des racteurs d'agression, ceci apparalt pazticuliirmnt vrai
pour les éjections en limite de domaine.

I1 faut toutefois considérer que les différentes phases de 1'éjection
constituent une chaine et qu'une éjection n'est totalement réussia que lorsque le
pilote est au sol, sanu présenter de lésion traumatique.

Les résultats obtenus lors des tirs de compatibilité en grande vitesse
rontrent que de faibles variations sont susceptibles d'entralner des chocs A 1l'ouverture
difficilement supportables par l'organisme. Dans ces conditions le fait d'avoir un
objectif précis et raisonnable de limitation de choc & l'ouverture conuituo é1émant
qui pe pcu: que contribuer A la rdussite des éjections.

CONCLUSIONS

Les éjections grande vitesse en basse altitude demeurent des situations
ou le risque traumatique est important. Les résultats expérimentaux obtenus montrent
qu'd cOté des agressions classiques (propulsion du sidge, souffle aérodynamique),
le choc A 1l'ouverture de la voilure principale est hautement susceptible d'8tre A
l'origine de traumatismes graves, voire mortels.

Il semble nécessaire de préciser les limites de tolérance du corps humain
et en particulier du rachis cervical, vis-A-vis de ce type d'agression. Cette démarche
devrait permettre d'étadblir une norme de référence pour les chocs A l'ouverture des
parachutaes.

I1 apparait en tout cas souhaitable que 1la prévention dJde chocs A
l'ouverture excessivement é&levés soit examinde avec attention par las constructeurs
de sidges. A cet égard, les [rogriés récemment introduits dans la stabilisation des
sidges éjectables constituent indéniablement un aspect positif dans ce sens.
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MOYENS DE MESURE OPTIQUE
Définition Nombre Type Cadence Focsle Position de is
des de de im Caméra per rapport
Comé ¢ (mem) (/9 (mem) surslt
Obearvation ] » 400 500 3/4 Acridee
Générsie k] 400 00 3/4 Avent
16 500 180 perpendiculsire
16 $00 150  Paxe
1 150 78 d’$jection
Observation 7 » 1000 190 perpendiculsire &
perticullire Paxe d’éjection
1 s 1000 1000 Danse Faxe du ral
Obesrvalion 3 16 500 .8 sur Pods
depuis v
véhicule 1 1 800 s inderne
Trajectographie 2 cind T’ ) 800 3/4 Artidee ot Avent
2 3 100 80 3/4 Artidre ot Avent
TABLEAD ¥° 1 : MOYENS DE MESURE OPTIQUE UTILISES AU RAIL D'REJECTION DYNAMIQUE.
TIR MK 10 578 KEAS
Gl
e
|

ey 100 M 8

Figure N° 1 ; Tracé des sccélérations + Cxr mesurées au niveau .du thorax.

du pannequin lors de 1'ouverture du parachute.
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TIR SIEGE MK.10

VITESSE D'EJECTION 578 KEAS
MANNEQUIN 80 PERCENTILE
MASSE 1085 by
DUREE OUVERTURE $10mse
DUREE GONFLEMENT DE VOILURE 360 me
VITESSE AU MDR 12m/s
VITESSE A LA TENSION SUSPENTE 114 m/8
Gz A LATENSION SUSPENTE 25G / 3me
Gz MAXI A L'OUVERTURE > 235G pandant 200me
VITESSE SUR TRAJECTOIRE 2%m/s
AU GRAND DIAMETRE

TABLEAD N® 2 : Caractéristiques détaillées du tir MK 10 3 578 KEAS.

f MOYENNE DES CHOCS A L’'OUVERTURE

SIEGE MK 10 - VOILE GQ 1€00
MESURES Nombre Gz Gz Gz
de Tirs de lirs Tension Max Max
Vitesse Suspentes| >100ms
D'éjection
VE > 450 KEAS 15 22 19,2 14,7
£5 24 24,8
450> VE> 150 KEAS 5 10,3 9,8 8,9
+25 228 23,7
VE < 150 KEAS 8 4,3 43 2,8
+23 $2,2 21,8

TABLEAD N° 3 ¢ Valeurs moyeunes dew chocs 3 1'cuverture
| obtenus pour différentes classas de vitesees.
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DEVELOPMENT OF AN EJECTION SEAT SPECIFICATION FOR A
NEW FIGHTER AIRCRAFT

by

D.J.Anton
Royal Air Force
Institute of Aviation Medicine
Famborough, Hants GU14 6SZ
United Kingdom

Iatroduction

The development of & new aircraft drings with it the opportunity to incorporate improvements, and new
features, in the design of the escape system that experience vith previous systems has shown to be
necessary. Just such an opportunity occurred vwith the announcement of the development of the European
Pighter Aircraft. The United Kingdom input to the specification of the ejection seat for this aircraft
vas derived from accident experience and from analysis of ejection test data from previocus marks of
ejection seat. The aim of this paper is to discuss the prodlem cf impairment of consciousness on
ejection, the rationale for improvements in ejection seat stability, and measures taken to improve
ejection seat headbox impact att tion.

Accident Investigation

The purposes of investigating the use of ejection seats are to check that the ejection seat has functioned
correctly, and to attempt to determine vhether the operation of the escape system has contriduted to any
injuries that the aircrewman has suffered., Ejections fall into two groups: those within and those outside
the safe escape envelope. Quantification of the ejection conditions, a task eased by the increasing use of
accident data recordera, allovs an estimate to be made of how close an out of envelope ejection is to the
gafe pe b Y. Sub t computer reconstruction, using itersations of different escape conditions,
can refine these estimates. Use of the computer model also permits the testing of changes in time and
drogue and parschute performance on escape system behaviour. Thus potential improvements can be checked
cheaply and quickly vithout immediate recourse to expensive experimental ejection test shots. Use of such
techniques aas produced requirements for progressive increeses in the size of ejection seat safe escape
envelopes. Royal Air Force ejection experience has however shove the following to be of concern on cther-
wise 'within envelope' escapes:

s) Impairment of consciousnsss
) Bjection seat instability
¢) Helmet/parachute riser interactions

d) Eead/headbox intersctions

Impairment of conscicusness

As a result of the vork conducted at the Royal Air Force Institute of Aviation Medicine in support of
AGARD AMP Working Group 11, a reviev wvas conducted on the incidence of impairment of conscicusness on
'within envelope' ejections between 1968-1981 (Anton 1984), Iapeirment was taken as referring to a
condition vhere some degree of disturbance of cerebral function, considered tc have been caused by acceler—
ation, has occurred, but where the circumstances of the accident preclude the precise definition of the
alteration of consciousness. In the past it has been the custom to ask the Medical Officer reportirg on
the accident, to assess the injured crevmember as to whether he was comatose, or had suffered a degree of
concussion. This approach vas unsatigfactory as it resulted in a series of records vhere the degree of
head injury could not de objectively compared between accidents, due to the lack of commonality of
ascessment by the recording Medical Officers. Accordingly a new system vas devised based upon an assess-
ment of the duration of post traumatic amnesia, This could be assessed from the time histcry of the
accident, the subject's documented stutement about the accident, the clinical notes and, vhere necessary
and possible, by re-intervieving the subject. A further value of using post traumatic amnesia as an
index is that it is related to the degree of cerebral damage, {Russell, 1932, 1971) as well as being a
predictor of subsequent recovery from head injury (Jennutt & Teasdale 1981). For the purpcses of %he
study, the duration of post traumatic smmesia vas defined as the duration of absence of memory froa the
initial event, to the return of continuous memory. Thus 'islands of memory' were recorded vithin the
duration of the post traumatic amnesia.

With the above provisos, six survivors from two hundred and thirty seven within envelope ejectees (2.5%)
vere agsessed as having suffered s head injury, as evidenced by a post traumatic amnesia lasting from cne
to tvo pinutes, to four hours. Bight fatalities were slso noted in this series, ore of vhich showed
unequivocal evidence of irpairment of conscicusness, three others exhibiting circumstantial evidence of
the same, to give an overall incidence estimate of 4.2%. The probable cause of the impairment of con-
sciousness in the survived and in the fatal groups is shown in Tables 1 & 2. It can be seen that ejection
forces, a loose term embracing ejection seat instability and drogue and parachute forces, and including
both direct snd inartial trauma, were deemed to de respousible for half of the impairment of consciousness
related fatali*ies and a third of the injuries in he survived group.
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Table 1

Probable Cause of Iapairment of
Consciocusness in Survived Group

Through Cancpy Rjection
Pit Heed on Ground
Rjection Forces
Head/Headbox contact

- N -

Table 2

Probable Cause of Impairment of
Conscicusnews in Patal Group

Through Cascpy RBjection 2
Bjection Forces 2

The incident of lapairment of consciousness, and fatality relsted ispairment of comscicusness, and fatality
relsted impairment of consciousness, has not been documented since 1981, dut unofficial estimates indicate
that the incidence is essentially unchanged despite the rirtual elisination of through canopy ejectiom.

Bjection seat instedility

It bas been known for some time that unless ejection seats are stadilised they dave a tendency to rcll,
and/or yav, during rocket durn, shortly after initial entry into the airstream. As & result of this
inatability, subsequent drogue and parachute deployment vectors can be markedly 'off axis', giving rise, on
ocession, to unacceptably high forces on the seat occupant. The following two cases (Anton, op cit) show
exasples of lateral parschute extraction, thought to be due to ejection sest instadility, vhere concern

wvas expressed that the crewsan say have been incapacitated as a result of forces experienced during '
ejection.

Case Bo 185,

This sircraft vas one of a pairs formation. The subject aircrsft cres had beecn briefed to do s
loose article check st some stage of the flight. At 420xts in company vith the first aircraft, the
sudject aircraft rolled a full 360 degrees, and then rolled again. Ia the second roll it pitched
nose down, vhilst inverted. The canopy was seen to detach, and a flash, possibly due to the .ocket
motor of the ejection seat vas seen. The instructor from the rear seat of the subject aircrait vas
recovered, drowned, benesth an apparently normally deployed parschute. He had not accomplishel sny
post ejection drills. Investigation shoved that the aircraft vas yawing sarkedly at the time the
instructors sjection was initiated, Reconstruction and computer sisulation indicated that the
ejection was prodably ‘vithin envelope’, Investigation also revealed evidence of lateral parschute
extraction. At autopsy there vas evidence of druising in the right peravertedral muscles although
there vas no evidence of damage to the brain or spinsl cord.

Case ¥o 195.

This case igvolved an instructor, flying a single seat aircraft in s pairs forsation, who went
missing in some mountains after a lov level abort. The aircraft vas found twenty four hours later,
the ejection sest three days sfter the sccident, and the pilot’s body, four days after the sccident.
Investigation showed that the pilot had been dragged for some 300-350 metres, over rough ground,
before being pulled over a crax. Subcequent reconstruction of the aircraft and ejection seat
trajectory shoved that the pil-¢ ~culd have been in parachute descent for one, to one and s hal:
pinutes, pricr to parachute landing. There vas no evidence of any post ejection drills being
sccowplished, The sutopsy shoved multiple skull fractures, amost of vhich appearsd to be post-mortem,
but one, behind the right ear, shoved evidence of rather more bleeding, and might thus have been
ante~mortew, ZExamination of the ejection seat revealed that the parschute had been extracted
laterslly vith considerable force, to the extent of sctually fracturing the parachute container
vhere it vas restrained vithin the ejection seat.

These two cases, vhich occurred vithin six months of each other, triggered an investigation into the
stability of the particular type of sjection seat concerned. Initial information froa the trials filams
indicated that yav rates in excess of 2000 degrees sec.”! could occur, dbut these dats had deen obtained dy
a simple single axis analysis of progresaive frames of 35za film. These ratet vere far in excess of
anything that had been measured using angular rate Zyros on other similar ejection seats. Since angular
rate gyro data were nct available for this particular zark of seat, s msthemstical solution was derived.
This, in conjunction vith az ejection seat model and a computer prograa for the derived instantaneous
sngular positions of the ejection seat, as seen in progressive fila frazes, gave results that compared
reascnably well with rate gyro data. Reprocessing of the data using the nev method revealed pesk yav
rates occurring during rocket burn, of betveen $50-1000 degrees sec.~), These values vere nonsisteatly i
obtained across the speed range from 340-600kts. It should be noted that although these figures for yav !
retes are high, they have historically been deemed ncceptable {Buchanan 1981). The significance of such
yav rates is in the indication cf the degree of ejection seat inatadility, occurring early in the ejection |
aeguence, and the consequential effects that this instadility vould have cn subsequent drogue and parschute !
deployment vectors. I
1
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Drogue Deployment

losds occur during drogue deployment at so called 'drogue saatch' and at drogue inflation. Drogue soatch
occurs at line stretch, and is caused by the mass of the drogue system being suddenly accelerated to the
velocity of the seat. On mcst Martin Baker seats, this is characterised by s sharp peak and & short
duration (McDonell Douglas Aircraft Company 1981). A typical example is seen in Pigure 1.

TYPE 10 EJECTION SEAT TEST
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The snatch load is tke first trisngular spike of 1362xgf (30001bf) wizh a 30 millisecond time base.
Analysiz of data from a variety of ejection seat types and from several manufacturers shows that the
acceleration vector with respect to the seat can act in almost any direction (Pigure 2).

Drogue opening

Drogue snatch is followed by drogue opening, and considerable loads can be encountered. Figure 3 is a
trace from a test ejection of a new type of parachute headbox, and a -U45Gy peak can be seen on an approxi-
mately triangular pulse of 140 silliseconds duration.
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Pigure 3 also showvs that there is o significant differesce in the magnituda of the sccelerstion in the
head Left/Right (L/R) trsce and the man L/R, as recorded in the torso of the test dummy. Lack of fidelity
in dumsy neck response makes the evalustion of such data problesstic, but it is clear that such sccelera-
tions sre highly undesirable. Such droguc opening accelerstions are not unusually high wena compered with
other seat test data. Modern escape systems, hovever, produce sore consistent application of such lcads
due to earlier, and more reliable deployment of the drogue. The drogue forces beve on occasion deen high
encugh to fracture the sbackle stops on the top of the ejection seat and shear emy part of the top cross
bean sssemdly.

Parachute Opening Forces

The parschute soatch force is produced at line stretch as the mess of the parachate is accelerated to the
velocity of the sest occupant. The orientation of the force vector to the crevmaa is dependent upon how
long the ejection seat has had to align under the drogue, and is thus most random for ejectivns occurring
belov barostat height, or belov the switch over point for the barceetrically comtrolled G stop on Martin
Baker Mk10 seats (¥igures 4&5).

TYPE 10 EHCTION AT
PAMCHUTE SMATCM YECTORS FROM 240K AND ABOVE
LHRCTION TESTS LOW ALTTTUDE MODE
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Where the scissor schackle relesse time is extunded, seat slignment has time to occur and the deployment
vectors are therefore much closer to the idesl, and snstch and opening loads are reduced.

Helmet /parachute riser interactions

Placing the parachute in the headbox of the ejection seat has a number of important benefits. It also has
me important drawvback in that, for parschute deploymenta in the vectors forvard and/or to the side of the
seat occupant, the parachute risers have to sweep arcund the helmet as the parachute risers go 'lines
tight'., One fatal accident has occurred vhere there was some evidence 1o indicste that the aircrevman's
helnst ceme into contact with the parachute risers with sufficient force to leave viiness marks on both the
helmet and the visor assembly. The crewman concerped died of a sud arachnoid haemorrhage but without
evidence of any focal injury. Subsequent laboratory experiments, conducted at forces vell belowv those
encountered on escape, demonstrated the capacity for the parachute risers to interact vith protrusions on
the helmet when the risers deployed om vectors in the forward hemisphere of the ejection seat. This
qualitative experiment demcnstrated not only the importance of helmets having smooth external profiles, but
also the need to ensure that ejections are as stable as posaible so that acceptable parachute deployment
vectors can be achieved.

The combination of test evidence from previcus marks of sests, together vith n over the ber of
fatal, but otherwise vithin envelope ejections, generated the requirement that any nev mark of ejection
seat must be stable, Accordingly the United Kingdom raised a specificstion requiring a new ejection seat
to be maintained in s stable attitude in the X, Y and 2 axes from ejection initiatior up to man seat
separation. In a forward facing ejection, the seat vas required to remain face into wind in pitch and yaw
within +/-20 degrees. Additionally, the angular motion of the occupants head (type of dummy not specified)
wvas required not to exceed 30rad sec.”! angular velocity or 4500 rad sec.-? angular acceleration.

As a further measure, folloving the period of stabilised flight on the drogue, and for parachute canopy
container opening st speeds in excess of 150 XEAS, the angular displacement of the dummy torso relative to
the centreline of the deploying parachute vas required to be controlled within the limits of pitch defined
by MIL-8~18471G, and within 15 degrees in roll and yaw. These angular limits are to be maintained through-
oyt the time interval between recovery parachute lines stretch and recovery parachute first full open.

Head/Headbox interactions

¥indblast, snd off axis drogue snd parachute forces can result in the kead being brought forcibly into
contact vith the ejection seat headbox. This first became of serious concern during the high speed
ejection testing of the MK10A ejection seat used in the Tornado. Analysis of the high speed cine film
from & 628kt test ejection shoved that, during the initial rise of the seat, the inertial reaction to the
4Gz acceleration forced the dumay's head forvard onto its chest, As the head and the top of the seat
emerged into the air flow, the head was driven forcibly back into the front of the headbox. Substential
damage was caused to the helmet. Subsequent calculation, based on the aerodynamic loading, indicated a
saxismum impact veloc.ty of 13.6m.sec~!, (Glaister & Gilbert 1975). Assuming a slightly lover impact
velocity of 12m.sec™! and a 6.8kg combined head helmet mass, gives an energy of impact of approximately
k60 Joules, rather more than twice the 200 joules design criterion laid down in the then British Standard
2495:1960. As a consequence of this incident the ejection sest hesdbox of the MxIOA seat was modified to
improve its impact attenusation. Yollowing modification, the headbox/helmet fully attenuated
ispacts enmergies up to 570 Joules without exceeding 20 XN transmitted force, or a peak acceleration of
310G, Regrettably, the princinle of specifying headbox attenuation was not carried over tc other
ejection seats, and operational experience began to accrue indicating that helmet/headbox impacts,
hovever occasioned, vere a cause of impairment of consci on pe. Two cases serve as examples:
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Case No 108 (Antcn op cit) i

Tais pilot vas taking part in spinning trials oo a nev two sesat aireraft, Polloving failure to .
recover from s spin, bdoth pilots ejected, the subject pilot from the rear. On subsequent exsmination i
of this pilot's flying helmet there was evidence of contact between the helset and one ving of the '
ejection seat hesdbox, Following the accident the pilot shoved a residusl retrograde smnesis of

about one ainute, and s post traumatic sanesia of epproximmtely thirty minutes.

Case 4/83 (Anton 1983)

This groundcrevman was flying in the rear seat of ao aircraft thet struck some high tensica vires.
Shortly after the impact the man ejected. IExamination of his helmet and the ejection sest headbox
revealed that there vere two aress of damage at the rear of the helmet vhere the helmet and headbox
bad come into contact, vith transfer of material betveen the twvo. The crevman suffered s period of

post traumatic amnesia of at least five minutes duratica vhich may have included & period of frank
unccasciousness.

A further sccident occurred in vhich an aircrevman ejected and vas sudsequently cbserved, apparently
uncoascious, deneath his parschute, for some ten to fifteen thousand feet, bdefore entering and being lost
st sea. The Boerd of Inquiry considered head/headbox contact 85 one of the possible causes of loss of
coosciousness and requested that an investigation be conducted into the impact attenuation of the ejection
sest bBesdbox then fitted to RAPF Havk sircraft. This investigation (Cilks & Anton 1987) demonstrated that
the export headbcx had approximately twice the impsct attenuation of the version then fitted to PAF
aircraft. Much of the improvement in attenuation sctuslly stemmed from the differing conostructions
employed, it being considerably easier to distort the export hesdbox than the RAP ore, ie. the stterustion
of the export box was & function of the construction, not of the impact ettesusting material placed on the
froat of it. This observation vas of scme significance mince there vas an emerging requirement to make
headboxes significantly less int-usive, 30 as to improve pilot head modility in combat. One of the methods
adopted to sest this requirement was to pack the perachute at higher packing pressures, s aethod that
resulted in & significant incresse jin stiffuess and thus diminution of inherent ismpact protection.

McKenzia (1987), revieved helmet usage amongst aircrew ejecting from RAP fast jets. This review, which vas

incomplete because not all helmets were evailable for inspection, shoved that seventeen out of tvo hundred

and tventy three sircrev ejecting successfully suffered helmet impects. Sixteen of these helmets vere f y
evailable for inspection, snd the cause of the impact dawage vas described as ejection seat, usually

headbox, in seven cases.

The requirement to move the front face of the ejection seat headbox further aft in order to improve pilot
head mobility has two important effects. Firstly it reduces the space svailable for the parachute, thus
probebly raising the stiffness of the parschute countainer for the reasons alresdy indicated; and secondly
it incresses the distance available for the hesd to accelerste over, and thus the impact velocity, in the
event of a head/headbox interaction. A third problem is also forseen. The irtroduction of helaet sounted
equipment requires the careful distribution of component items around the helmet in order to maintain
acceptable weight distributions. It is likely that some of the space availadble in the cccipital ares of
the Relmet, currently used for impact protection, will be occupied by equipment sub-assesmblies, thus
reducing the level of impact protection afforded by the helmet., It vas therefore decided to frame the
requiresent for headbox impact protection in terms that took account of the protection provided by the
actual helzet adopted.

The UX submission for the specification therefore reads:

‘The froot face of the seat headrest shall be designed such that the combined sttenuation of the helmet and
hesdrest shall limit peak head accelerations to 250G for impact velocilies up to lim.sec™!. To enadle
developwent work to proceed the specification continued: ‘The impact sttenuation of the helzet shall be
taken as being capable of limiting the peak deceleration to 3000 for an ismpact emergy of i22 joules vith
an equivalent hesad and helmet zass of 5.7kg'.

Sumsary

This paper describes an evalustion of the problems of ejection seat instability, and the setiology of head
injury, in Roysl Air Pcrce ejection experience since 1968,

Part of the resulting UK input to the specification for a nev ejection seat for the Puropean Fighter
Aircraft has beep deacribed. The nev features are principally related to improvements in ejection seat
stability and parschute head box impact attenuation,
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ESCAPE SYSTEMS RESEARCH AT RAE
by D J Gilson

Procurement Executive, Ministry of Defence
Royal Aerospace Establishment
Farnborough
GU14 6TD
England

SUMMARY

A range of recent topics in the escape systems resserch programme at the Establishment
is described. Prominent among these is the computer simulation of ejaction seat dy-
namics which enables prediction of the behaviour of escape systems in different con-
ditions, and complements the experimental methods of investigation. Other topics
descrided include passive methods of seat stabilisation using plates to supplement a
bridlea-sounted drogue, use of a reefed drogue to improve deceleration charscteristics,
consideration of some novel methods of deceleration, and use of inflatable restraint
devices. Electronic sequencer developments are described, leading to provision of a
high capacity, high reliability sequencer for trials use. The paper concludes with a
consideration of diodynamic modelling and dummy development,

INTRODUCTION

The work of the Royal Aerospace Establishment at Farnborough UK {ncludes research and

development on aircraft escape syatems. In this field, we work closely with industry .
(Martin-Baker) and the user (represented typically by the RAF Institute of Aviation

Medicine). One of the key elements in the RAE programme of research is the computer

simulation of ejection seat dynamics.

COMPUTER SIMULATION

This 18 a 8ix degree of freedom simulation, which can be used to predict the trajectory
and attitude of an ejected package under a wide range of different conditions (ref 1, 2\
The equations of motion describe rigid body freedoms of the ejected package in the three
linear and three angular directions. The package consists of the seat and occupant when
first ejected, acted upon by the forces and moments generated by propulsive loads,
aerodynamic loads, parachute loads, etc (fig 1). when the man separates from the seat,
the model changes to a two body simulation which consists of man and parachute canopy
Joined by the parachute rigging lines (fig 2). Numerical integration of the equations
of motion produces a time history of the motion for all axes, and all phases of the
ejection can be simulated from initiatior of ejection to arrival on the ground,

The greatest uncertainty in the predictions made arises from the limitations of the
aerodynamic data. A comprehensive set of static aerodynamic coefficientas was obtained
experimentally from tests of one-third scale seats and dummies in a transonic wind
tunnel at ARA Bedford, and this was backed up by limited full scale tests in a 24 ft
wind tunnel. These data are incorporated in the computer model as a matrix of data
points which are interpolated by the program. In practice, aerodynamic moments are
sensitive to small changes in the proportions of the seat occupant and changes {n his
posture, so that for an unstabilised seat, an accurate time history of the motion ia not
readily predicted when the airspeed is significant. However, under low air speed con-
ditions and for a stabilised seat under any conditions, a good match 18 possible between
prediction and reality. At all speeds, the simulation i{s an excellent means of pre-
dicting trends in behaviour arising from systems modifications or new design features.
The simulation {s also readily adaptable for use in dynamic applications other than
ejection seats,

Of course, the simulation complements the use of experimental methods in the research
programme. The main tast facilities in use are rocket sleds at Pendine in South Wales
(f1g 3), and the ejection tower at Farnborough (fig 4). For escape parachute testing,
air-dropped parachute test vehicles (ref 3) and a compressed nir launcher {ref 4) are
available. Use is also made of wind tunnels when required. Comprehensive instrumen-
tation facilities are used to extract the maximum data from expensive and time-consuming
trials, The simulation 1s regularly validated against trials data to ensure that it
gives realistic behaviour,

The simulation 1is used to assist the escepe community in a wide range of tasks, in-~
cluding accident investigation for RAF IAM, but its main application is as a research
tool. It is used to assess and optimise many prospective improvements to escape systems
which ari{se from the escape technologies being developed at the Establishment, as will
be described in the following paragraphs.

® Controller, Her Majesty's Statiomery Office Londom 1989
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SEAT STABILISATION ;

Ejection seats are not renowned for their aerodynamic stadbility in a high speed airflow.
Without special precautions, a free-flying seat can rotate in the airflow and cause
parachute shock loads to be applied to the aircrewman in hazardous directions (fig S).
Our aeromedical colleagues at RAF IAM have highlighted this problem, and it is well :
recognised that lateral loads of more than 15 g appliel to the head-neck system carry a t
high risk of injury (fig 6).

To overcome this problem, pasaive means of stabilising an ejection seat aerodynamically
have been developed at RAE (ref 5, 6). The primary technique is to attach the drogue

by means of a three-strop bridle, so that the seat is held upright and facing into the i
airflow (fig 7). The drogue needs to be deployed early, but this risks interference
with the fin of the aircraft. Therefore to provide early yaw control, aerodynamic
plates should be added to the seat. Fig 8 shows experimental plates mounted on one of
the one-third scale model seats already described, to determine their effect in the wind
tunnel. Fig 9 shows plates of proven design installed on a full size seat which have
successfully controlled the yaw attitude in ejection trials (ref 6). In service, the
plates would need to be folded while the seat is in the cockpit and then deployed on
ejection. Fig 10 shows the improved stability and reduced lateral g which result.

DECELERATION CONTROL

One of the problems with using the drogue as a stabilising device is the need to deploy
1t early in the sequence, when airspeed may be high. To avoid excessive deceleration
loads on the man, the size of the drogue must dbe reduced. But then apart from the
limited authority which a small drogue will nave, as the speed decays the drogue will
become less effective in slowing the man. Thus it will take longer to reach a safe
condition for main parachute deployment and the margin for safe escape will be reduced.

A typical deceleration trace for a simple drogue is shown in fig 11. A noticeable

feature is the large dip in the trace in between the drogue inflation and the main para-

chute inflation. Therefore we require a drogue parachute with a variable canopy area.

Such a system has been developed under contract at Irvin GB and refined by RAE. . .
Deceleration peaks are reduced by allowing the drogue to open progressively jin stages

under micro-processor control as the velocity decays.

Fig 12 shows how the opening of the drogue is controlled. The peripheral reefing line
is arranged in a clover-leaf pattern and joined to a centre line which is released in
stazes by pyrotechnic actuators. Fig 13 shows the release block built in to the
confluence point of the rigging lines and containing a number of redundant actuators.
These enable three stages of de-reefing to be achieved reliably., EJjection trials of the
system have highlighted some problems with initial inflation of the drogue but these are
being addressed (ref &).

Fig 14 shows the result of applying the system. It is evident that much of the dip in
the deceleration trace has been removed so that the man is decelerated more consistently
and more rapidly.

Of course when used in a lower airspeed ejection the system would be arranged to deploy
the drogue in a more fully open state, while below a particular threshold speed the
drogue is unnecessary and 1t would be dispensed with, allowing the main chute to be
deployed directly ior best performance.

While on the subject of deceleration control, a potential problem arises with the current
specification of lightweight seats for aircraft such as EFA. In a 600 knot ejection the
initial drag of the seat and man alone, without any parachute, is likely %to exceed the
critical level of 25 g, Fossible ways of alleviating these loads would be to reduce the
seat drag with a stream-lined fairing, or to provide a forward rocket thrust to offset
the drag. Alternatively, aero-medical opinion may come to accept the extra hazard of
the increased g level in view of its short duration and hopefully the rare occurrence
of ejections at this speed.

NOVEL METHODS OF DECELERATION

The ideal deceieration trace would have a constant level at the physiological limit of
20 or 25 g, as shown in fig 15. Since much of this deceleration is produced by the drag
of the seat and man, and the latter decays as the velocity decays, the contribution from
the parachute is required to be low at high speed and high at low speed. This is con-
trary to the usual rules of aerodynamics, and Industry was invited to study speculative
methods of achieving the required result. Studies at Cambridge Consultants (ref 7) and
GQ Parachutes (ref 8) considered a number of ideas, the following being among the more
interesting.

One approach 18 to treat the parachute as an anchor in the sky and reel out the line
connecting it to the seat in a controlled way. This can be done by using a material
such as ply-tear webbing, or by running the line round a controlled capstan {(fig 16) or
through a friction brake. Up to 20 m of line would be reeled out in this way., Fly-
tear webbing gives a fairly constant force but this 1s not quite what is required. The
simplest of any of thesze systems {8 estimated to weigh at least 4 kg and the addition
of refinements including a control system would increase this figure substantially,

]
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Another method is to deply a drag body or bodies mounted on the seat itself. This could
take the form of an array of hinged plates, or an inflatabls structure (fig 17), ar-
ranged shuttlecock fashion. At increased speeds, the drag surfaces would tend to align
theaselves with the flow and reduce their drag coefficient. Unfortunately the result
falls short of the desired effect unless a complex control and actuation system is
added., Studies suggest that the drag plates may be worthy of further investigation, but
an inflatable structure of this type would be excessively heavy in respect of weight of
fabric and weight of gas.

The overall conclusion of these studies was that it would be difficult to improve on the
reefed drogue systea already dbeing developed.

INFLATABLE RESTRAINTS

At the same time as inflatable structures were deing studied for use as drag bodies,
their use for restraint devices was investigated. A contrsct at Cambridge Consultants
has produced the prototype inflatable head restraint shown in fig 18, The device s
stowed on the headbox in normal flight and would be inflated on ejection. This proto-
type is being used in laboratory tests to establish techniques for fast and controlled
inflation.

SEQUENCE CONTROL

Previous paragraphs referred to microprocessor control of various parts of the parachute
system. The philosphy followed at RAE has been to provide such control continuously
during the escape sequence and not Jjust in the selection of a mode in the early part of
the esjection. Such control requires the continuous input of data from airspeed, altitude
and deceleration sensors mounted on the seat.

For measurement of airspeed, a particular design of shielded pitot has been developed
(£1g 19 and ref 9). Wind tunnel tests show that the output is accurate at airflow
angles up to 60 degrees off axis (fig 20), Pressure altitude is measured using an open-
ended tube mounted behind the seat where it is well shielded from direct flow impinge-
ment from all directions. The reading obtained is a value of base pressure which is
somewhat below the ambient static value. Processing of the base pressure and pitot
pressurs vslues must be carried out to deduce a value for static preasure. In addition
to airspeed messurement, deceleration is measured by accelerometers in each of the

three seat axes.

To make use of all this data, intelligent processors are being developed at RAE. Fig 21
shows a prototype microprocessor-based sequencing system which has been developed and

. which has provided reliable control of the sequencs in ejection seat trials (ref 6).

This experience led to a specification (ref 10) for a high reliability sequencer with
expansion capacity to handle advanced features such as vertical seeking and thrust vecter
control. Such an experimental sequencer i{s required on trials seats to conduct research
on advanced systems of that type.

A development contract at GEC Avionics has resulted in del!ivery of three sequencers for
this purpose (fig 22). Reliability is achieved by the use of triplex 80C88 processors
with majority voting, and further high integrity architecture bas~d on duplicated power
supplies and transducers. Input channels include 6 integral accelerometers, 4 pressure
transducers, 8 external event switches, and a triplicated synchronous serial data input
channel. The serial channel will ='1low receipt of sircraft data, and/or data from a
3-axis ground proximity sensing s. .cem. Output chonnels include 12 duplexed firing
circuits and & analogue outputs. Each firing circuit generates a shcrt duration high
power current pulse for operating electrically initiated explosive devices. The analogue
outputs could piovide signals to a rocket vectoring system or a gas jet control system,
Non-volatile memory of 2 Kcapacity 1bles storage and recovery of ejection parameters.

The flexibility of control provided by electronics allows other control festures to be
inzluded, such as modulation of the sequence according to the imminence of ground impact.
In ejections near the ground, decelerations may be taken to the physiological limit to
maximise survival cnances. In elevated altitude ejections where the danger of ground
impact is remote, a milder level of deceleration can be permiited to reduce the loads on
the seat occupant. A less s' ~essful ride improves the chances of a ssfe recovery.
Proximity to the ground can .¢ estimated crudely on the basis of pressure altitude, but
it {3 more a~curate and more useful to sense tre ground directly with a simple radio-
altimeter.

BIODYNAMIC MODELLING AND DUMMY DEVELOPMENT

There is well-publicised concern about the increasing mass of helmet-mounted equipment
and {ts ey ect on head and neck loadings. At the same time, the dummies available for
ejection testing are perceived to have shortcomings in respect of inadequate bending
flexibility of the spine and neck, and inadequate compressive flexibi{lity of the spine,
Compression -# the spine is believed to be a significant factor in the human response to
ejection, causing slackening of the harness which encoursages slumping of the torso.
Similarly, thoce is evidence that bending of the thoracic region of “ne spine contributes
significantly co ejection response.

Therefore a method of constructing the dummy spine has been devised which provides bdboth
bending and compreasive flexibility. Fig 23 shows the principle, for which a patent

U
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spplication has been submitted. The spine is based on a nylon bar which provides the
appropriate dbending flexidility. A series of nylon cotton-reels are a close sliding fit
on the bar. Each pair of dummy ribs is mounted on a cotton-reel and the space between
adjacent cotton-reels is filled with a rubber washer to provide compressive flexibility.
The upper end of the nylon bar is fixed to the shoulder unit of the dummy. At the lower
end, the bar is a sliding fit in the dummy pelvis. Representative head dynamics are
achieved by careful attention to mass properties of the head and by a new flexible seg-
mented neck. Ejection tower testsa of this assembly have demonstrated realiatic degrees
of slumping of the dummy, and free flight ejection teats at high speed have established
the durability of the design. The nylon bar can evidently bend through a considerable
angle without suffering any apparent damage,

In parsllel with the development of dummy hardware, attempts have been made to model
mathematically the human response to ejection. The spine and neck have been represented
by & series of lumped masses Joined by elastic and viscous elements. Fig 24 shows a
sample response to a vertical impulse for one such model. The need for a non-linear
response in the msodel was recognised at an early stage. The eventual aim (s to develop
a representative model of human response which can be added to the simulation of
ejection seat dynamics to improve the realism of the predicted motion.

CONCLUSIONS

It should be clear from the foregoing that escape systems research at RAE covers a wide
range of topics. The computer simulation of ejection seat dynamics is a vital tool
providing assistance in all areas of this research, and complementing the experimental
methods used in trials.
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FIGHTER ESCAPE SYSTEMS
The Next Step Forward

by

B.A.Miller
Martin-Baker Aircraft Company Limited
Lower Road, Higher Denham
Nr. Uxbridge, Middlesex UB9 5AJ
United Kingdom
INTRODUCTION

Bjection seats have become incrsasingly coamplex, heavier and bulkier in recent years.
This growth has been in response to the increasing demands for greater performance,
under more severe conditions. It is also due to the relocation onto the seat of
equipment which was previously aircraft mounted such as anti-g valve, oxygen regulator,
NBC equipment and OBOGS auxiliary oxygen equipment. In the Tornado, the MX10A ejection
seat even gained outlets for the cadin conditioning system, becoming the worlds first
air conditioned ejection seat! This trend has persisted for some 15 years, but now new
design drivers are becoming dominant with an increasing and urgent need for lightweight
and low cost.

This paper bdriefly reviews the Martin-Baker developments of the past 15 years and
discusses the new trends which are shaping future Pighter Bacape Systems.

MK10 1970°'S

Martin-Baker design philosophy has always been one of analysing their previous
products, retaining the best features and developing improved features to meet new
specification requirements. The 5,800 successful Martin-Baker emergency ejections
prove the effectiveness of the basic design concept. Tornado, Hawk and Alpha Jet
demanded a lighter, quicker acting ejection seat but development of the Mk7 or Mk9
ejection seats would have meant unacceptable weight increases and thelr back mounted
parachutes did not lend themselves to still quicker operation. The traditional
Martin-Baker features were therefore repackaged, relocating the new 5.2 metre GQ
Aeroconical parachute to a headrest mounted coantainer and providing ballistic operating
systems in place of the earlier mechanical systems.

The Mk10 ejection seat dramatically improved seat performance enabling safe ejection to
take place under conditions which would previously have been impossible.

Barly market requirements for further weight and cost reductions resulted in the
development of the MklOL (lightweight) version which reduced seat weight by as much as
208, Acquisition costs wers also reduced by the use of computer aided manufacturing
techniques.

Both the Mk1l0 and Mk1OL ejection seats have proved most successful and are now
installed in 35 aircraft types. Their safety record is also impressive with 95% of
emergency ejections being successful. It should be noted that the fatalities include
all causes, including drowning and out-~of-envelope.

TRAINER AIRCRAFT ESCAPE SYSTEMS

In 1977 a new market for ejection seats opened with the Turbo Prop trainer market. In
that year, Guido Pessotti, the Technical Director of Embraer in Brazil, began the
design study for his then new EMB 312 turbo prop trainer. He did not accept
preconceived ideas, but decided to investigate a possible need for ejection seats.

World War II experience had revealed the effect which speed has on rs:covery rates.
Zven moderate speed deslayed escape too long for safe pilot recovery. At only 200
knots, chances of saving aircrew was reduced to 25%. Above 300 knots, pilot recovery
was as low as 2%. With the new turbo prop trainer projected to have a Vne of 330
knots, it was obvious that assisted escape could be justified on the grounds of speed
alone.

A further study was conducted to determine if ejection seats could be fully justified
for turbo prop trainers. gxamination of the Jet Provost basic trainer performance
envelope confirmed that it was similar to that of the proposed trainer. Performance
characteristics of the Jet Provost and Tucano are similar, with an identical stalling
speed (65 knots), but 50 knot higher maximum level speed for the Jet Provost.

In the period under resview, there were 107 ejections, of which 102 were successful,
giving a recovery rate of 95.3%. In all unsuccessful cases, ejection was initiated
well ocutside the performance envelope of the ejection seat. Only s2ix of the 107
ejections had a reported ejection speed i{n excess of 300 knots, The vast majority
(91.18%) of ejections, where speed was reported, occurred within the level speed range
of a turbo prop trainer, 75% were between 75 and 150 knots. Thirty-nine ejections took
place below 1,500 feet.

The study came to the following conclusions:
1. The 107 ejections which took place from the Jet Provost during the subject period,
could have taken place from a turbo prop trainer. The acclident rate and
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clircumstances were to be expected with any future medium performance basic trainec
operating in similar conditions.

2. Over 30 pilots who successfully ejected below 1,000 feet would, almost certainiy,
have been lost had ejection seats not been fitted.

3. Safe escape under conditions of loss of control below 4,000 feet or fire in flight,
would be marginal without ejection seats.

4. An unknown, but most significant, number of safe landings have been made in Jet
Proveost aircraft following an in-flight emergency which would have necessitated
sarly abandonment had ejection seats not been installed. Because escape could be
safely delayed, the pilot had the opcion of conducting an approach to a safe
Tending. In some engine failure cases, the glide could not be extended
suftficiently and the pilot ejected successfully at an altitude at which safe
abandonment would have deen impossible.

Por Tucano, the MkIOL ejection seat was modified by removing the rocket to save weight,
thereby giving & perforuance of 60 knots on the runway. All Tucano customers opted for
sjection seats and the Tucano has proved to be an outstanding success story.

mx1y

Not Dbe to outdone, Pilatus in Switserland, produced the PC~9 equipped with ejsction
seats from the outset. This time s lighter, specialist seat was developed by
Martin-Baker, this being the MkCAllA. This sest employed the traditional MBA design
layout, but was more compact and lighter than the MkSL seat developed earlier for the
Tucano.

.13%]

With the ejection seat equipped basic trainer firmly established, operators of similar
performance aircrsft, such as the PC-7, began to press for ejection seats. Because the
PC-7 ccckpit was designed for over-the-side bale-ocut, there was no possibilicy of
installing the Mkll seat, there being insufficient fore and afr space available.
Martin-Baker set to work with Pilatus to develop an entirely new seat which would
occupy the same position as the existing fixed seat and parachute. After extensive
innovative design work, this goal was achieved by positioning the pilot between twin
ejection gun tubes close to the cockpit rear hulkhead. The twin election guns also act
as the seat primary structurs. In this way the correct sitting position and eye datum
points were retained.
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In ocrder to minimise the effect on aircraft performance by the installaticn of ejection
seats, it was essential that weight be kept to a minimum. This was achieved by
enploying components for sultiple functions so that, for example, the ejection gun and
guide rails form the primary seat structure to withstand flight and crash loads. The
result has been the development of the worlds lightest and smallest production ejection
seat, weighing only some 78 1lbs (35 kg). Thus the light trainer market generated the
light seat concept because minimum mass was a major design driver.

Meanwhile, in parallel with the search for ever lighter weight ejection sests for the
trainer aircraft field, the high performance aircraft field continued to demand greater
performance. This resulted in the Nkl2 series ejection seat with Mechanical Speed
Sensing and Sequencing and this in turn led to the Mkl4 with Electronic Sequencer
control. . T

The Mkld was developed specifically for the United States Navy Alrcrew Coomon Ejection
Seat (MACES) programse and incorporates state of the art technology. When reviewing
the specification requirements issued by the Navy in 1984, the following design drivers
emerged:

MRinimum Programme Schedule Risk

Common seat for four alrcraft types with no airframe changes
EBlectronic sequencer operation

High performance and serviceability

0BOGS compatibility

Low Life cycle Costs via ILS

Installed mass of not more than 215 1bs

As the Mk1l0 ejection seat in the P/A~18 Hornet was already popular with pilots and
groundcrews, that basic design was adopted to minimise programme schedule risk. The
Mkl4 design was selected for NACES and is now being introduced for the P/A-18 Hornet,
T~45 Goshawk, P-14D Tomcat and a new combat aircraft in development. Some B0 test
ejections from zero-zeroc to Mach 1.2 at 50,000 feet have proved that the seat has
significantly improved recovery capability compared to earlier seats. A new
microprocessor controlled electronic sequencer developed %y Teledyne in the United
States, a greatly {mproved stabilization system by Irvin (GB8) and parachute by GQ
Parachutes have been successfully combined in the most advanced ejection seat to enter
production. Initial deliveriea have coxmenced and gquantity production will be underway
later this year.

MK14 NACES
EJECTION SEAT




THR _MEXT GENSRATION

With MACES, the U.85. Navy took a quantum step forvard in escape systes technology,
advancing the state~of-the-art. Neanvhile, the U.S. Air Porce have pursued a different
approach with the Crew Escape Technology (CREST) programme, which is developing new
snabling technology to extend future ejection seat capability. This work includes
variable <thrust, steerable rockets, upward seeking systems and other advanced
technologlies. MNartin-Baker, being a non~U.8. company, was not allowed to bid and
Boeing succeeded In winning this coantract. Although they have encountered major
difficulties, Boeing are developing some new technologies which may have significant
future applications. Although not latended for productior, CREST has shown that these
advanced techologies can be costly and heavy with a production ejeztion seat likely to
cost I-4 times more than NACZS and weighing at least twice as much.

RK16 -~ THE NEXT STEP PORWARD

Rartin-Baker had hoped to develop a range of NACES derivatives each suited to the
particular detailed requirements of future combat aircraft. With relatively minor
changes to the harness: sucvival kit, outer envelope, etc, MACES would very asdequately
meet the performance requirements of the next generation of fighter aircraft, but our
study of requirements revealed that the design drivers had changed yet again. They are
now seen as followss

finisun nass

Rinimum cost/L.C.C.

Improved Pilot efficiency

Bigh Serviceablility/Reliadility
Sophisticated slectronics
Performance to NACES standard

L2 2% 2% 3 IR 2

The next generation of European fighter aircraft are to be built to very strict mass
and cost limits.

In order to respond to these nev design drivecs, Martin-Baker have combined the two
development paths of the ultralight trainer seat and the high technology, high
performance combat aircraft seats to create the Kklé geriss. The nev design drivers
have been addressed as follows:

DEVELOMENT NILES.. =8
g-um-umm[
VIR
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Lightweight Bjection Seats (Trainer)
g 64 Xg SKg

% 55 9N g
Righ Technology fjection Seets (Combet)

NININUR MASS

The multiple function structural features of the 78 1b (35 kg) MklS ejection seat have
besn strengthened and modified to suit the next generation fighter requirements. This
results in a Mk1§ ejection seat weighing only 139 1lb (63.4 kg) a directly comparadle
weight saving of 308 compared to NACES.
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RININUR_COST

CAD/CAM design and manufacture, simpilicity of design and long installed component
lives reduce ownership costs even beyond that already achioved for NACES.

IRPROVED PILOT BFPICIENCY

The NKk1§ ejection seat 1s designed for ease of strapping in and emergency egress,
together with further improved pilot comfort and support. Pilot field of view has been
significantly increased to enable the full advantages of modecn bubble canopies to be
realised while enadbling the full use of helmet mounted systems. The development of
ever mors cophisticated helmet mounted equipment has also increased the head supported
a feature not conducive to safe high g combat or ejection. Although the helmet
systems mass will be minimised, there is already a trend to reduce impact protection
performance of the helast in order to reduce head supported mass. This requires that
the head impact attenuation properties of the seat headrest be increased to compensate
for the reduced helmet protection and this has been achieoved without increasing the
minimal profile for the headrest. With integral NBC protection, anti-g, oxygen systems
and wveapons systems, the Mxl6 ejection seat will become a major feature of the
crewstation and will significantly contribute to the overall efficiency and

effectiveness of the pilot. .

BIGH SERVICEABILITY/RELIABILITY

The Kkl6 will set a new standard for reliability, serviceability and ease of
maintenance when required. Por example, rsaoval of the seat will now take one man 12
minutes and will not require removal of the aircraft canopy.

SOPHISTICATED ELECTRONICS

A second generation microprocessor controlled electronic sequeancer has been developed
to control seat operation mors accurately and provide greater redundancy. The unit is
capable of beinjg integrated with the aircraft databus to upgrade performance by
responding to aircraft attitude and pitch, yaw and roll rates at the time of ejection.
This would enable the ssat to respond to the precise condition at the time of ejection
and tailor seat operation rate to the criticality of the emergency. Provision is also
made for health monitoring and Built-in-Test. This advanced sequencer also
incorporates a Non~Volatile Memory vhich stores the ejection conditions and acts as an
additional accident dJdata recorded. All of this has been {incorporated in a smaller
envelope than the first generation NACES system, saving on seat size and mass,

PARACHUTE CONTAINER
CAMOPY PENETRATOR (2) .
EJECTION GUN TOP LATCH (0
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BACES represents an advancsd and effective mode of seat operation. Immediately after
ejection, the seat is stabilized on a three bridle ridbon drogue which holds the seat
upright and facing into wind during rocket durn. At high speed or altitude the drogue
is retained until the closed loop sensing systea signals its release imsediately after
the rocket deployment of the main parachute. The Parachuts Deployment Rocket fully
streams the bagged canopy in under 1 second, and the bag {s removed parmitting
progressive hem-first inflation producing safs canopy opening without high saatch
loads. The GQ 6.2 Aeroconical parachute developed for NACES has been increased in
diametre to 6.5 metres, while at the same time reducing its packed bulk by on.
Parschute performance is slightly improved over the fully U.S. qualified GQ 6.2 metce
Asroconical, while the smaller packed volume in the headrest uoo.nlnoz assists in the
improvement of pilot field of view.

NACES operation has been extensively and reliably demonstrated by over 80 tescs at NWC
China Lake and our own facilities. The adaptation of the NACES operating methods
provides outstanding ,wrformance backed by extensire trisls experience.

By taking the best NACES tachnology and improving it to meet the even higher standaxds
specified for the Buropean market, a new generation ejection seat has been developed.
It meets realistic specifications and safety goals and is several orders of magnitutde
lighter and less expensive than other futurs escape systems currently in development.

WHAT PRICE SAFETY?

In developing the Wkl6 ejection seat, we appreciated that some customers would vant the
lightness, comfort, field of viev, method of opersticn and low speed, low altitude
performance of the Mkl6, but would be unable to justify the additional coets of a
sophisticated electronic sequencer system. We therefore decided to develcp a
machanicsl Mode Selector version in parallel with the electronic seat.

It has Dbeen possible to mechanically “"duplicate® the aslectronic system, glving
identical performance up to 350 knots and 7,000 feet. Above these speeds and
altitudes, performance is very slightly lower although mechanical 'g' sensing provides
a degree of the closed loop responsivensss present in the slectionic version.

Infact, so successful has this mechanical version been that it msy well be perferred
for some of the advanced technology projects, for which the electronic version was
created. It seems that the international financial climate is such that ultimate
state-of-the-ert sophistication is no longer the continuing aim and cost asay even
supercede lightness as the driver for some applications. Certainly the Mk16 mechanical
Mode Selector esquipped Mk1l6 ejection sest cowmes very close to the capabilities of the
slectronic version, although {t cannot be integrated with the data~bus or provide some
of the future developments foreseen for the electronic version.

It may be the case, however, that escape system tachnology has alrwady met its cost
cellirg and that future procurement agencies, outside the U.S. at least, will decide
that NACES/Mk16 performance is good enough and that now attention will now be
concentrated on acquisition and minimising life cycle costs and installed mass. We do
not wish to speculate upon whether such a trend is beneficial to the developsent of
future escape systems. We have however rscognised the [ndisputable fact that low cost
is becowing an increasingly powerful driver and we are developing alternative
lightweight high performance Mkl6 ejection sests to meet either market.

Historically 95% is the best aircrew recovery rate which has been achieved. If this
can be maintained for future generations, then safety will have been well served.
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"7 7" POTENTIAL ROLE OF AVIONICS INESCAPESYSTEMS ~ © " ©

Dougias Aircraft Company )
3855 Lakewood Boulevard S vaw e e
Long Beach, California 90846, USA i

SUMMARY oo o : : - .
' mmaammmmhmwmdmammmmammwm
currently in service, an electronic controller, in conjunction with mechanical sensors, selects the recovery sequence and controls
event timing. More advanced avionics systems under development feature improved microprocessors and solid-state sensors.
deghdylmprovepeﬁommcebymodx&ngsymmunungbmdonmspwdmdalumdeeoud:mﬂwyahomtroduoe
desirable “black-box™ features such as built-in-test and fault isolation. ‘ ] ) . -

Avionics has the potential to contribute far more to escape systems based on the cusrent development of controllable
propulsion systems. Typically these systems would consist of muitiple rocket engines under the command of a microprocessor/
controller. The controllable propulsion system would control attitude and would also control the acceleration forces on the
crew member. The avionics systern would therefore include attitude and acceleration sensors. In “smarter” systems, the propul-
sion system could be used to control the escape trajectory for ground avoidance or to reduce forces on the crew member in
an escape under benign conditions. Thus, the avionics system may include ground direction and proximity sensors. Real-time
control of an escape system vehicle under the dynainic conditions associated with high airspeed or rapid maneuvering requires
a comprehensive avionics system with high-frequency response. However, the technology is avaxhble, and this type of system
could be a basic feature of any next-generation escape system. . -

INTRODUCTION

The avicnics subsystem is the heart of the escape system since it controls the system functions. However, avionics is not
the only critical subsystem. There must also be a data acquisition system to provide environmental information necessary for
the avionics to determine the optimal flight pian, and a controllable propuision system to carry out that flight plan, None of
these subsystems can do much on its own, but when combined to form a compiete cscape system, they can provide a level of
performance that has oot previously been artainable. This performance gain is achieved mainly by the adaptive control pro-
vided in a real-time flight program. This capability will allow the development of escape systems that can be optimized for
their entire escape eavelope, not just portions of it. Figure 1 shows the basic coatrol elements for an advanced escape system.

Modem digital systems under software control can provide an adaptive escape and recovery capability, not just a fixed
order of events. Current escape systems execute a fairly simple, preplanned escape sequence based on limited environmental
inputs. With an expanded array of input sensors and a powerful digital computer, future escape systems will be able to execute
a real-time flight program. The dynamic conditions of the ejection can be continuously sensed and the flight plan adjusted
accordingly. Thus, the variations in crew member weight, and the cg and aerodynamic forces can be compensated in real time.
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improved test capability during both the actual escape sequence and the normal maintensnce cycles. The data recorder can

T
; i Other beaefits of a digital system are an expanded built-in-test (BIT) and data recorder capability. The BIT will provide an
! be deaigned a5 an integral part of the overall avionics system and provide valusbie information for accident favestigations.

Current escape systems consider every ejection to have the same degree of risk. This is based on the sssumption that if

the crew member has elected to eject, it must be a real emergency and therefore the escape systera must get him into a parschute

28 3000 33 possible. However, in the real world, this is not atways the case. The risk level is related 1o bow immineat ground

(oc aircraft) impect is, and how fast the aircraft is traveling, If the aircraft is in a steep dive at low aktitade and high speed, the

crew member is at high risk. If the aircraft is a¢ high altitude and very kigh speed, the crew meember is also at high risk. However,

. i the aircraft is at a moderate altitude, a moderare speed, and in level flight, the crew meaber is in a2 beaign or low-risk situs-

: tioo. If the risk level is low, the avionics should attenipt to provide an “casy ride™ for the crew member. This means that the

! crew member should be subjected to low acceleration forces and little or no trajectory shaping, ¥, however, the risk level is

: high, the avionics mast command the maximum allowable thrust levels within humaa tolerance in arder to recover the crew

: member. This high-risk scenario will include maneuvers to avoid the ground, the aircraft, or other members of the crew. This
i type of real-time life threst assezzment can be provided only by an advanced avionics system.

‘The actual acceleration limits for the various risk levels are besed on the dynamic response (DR) model defined in Refer-
eace 1. This is a three-xxis dymantic model of the human body that relates imposed acceleration forces to a probability of injury,
amigned a3 jow, medium, or high risk. Since the DR model is dynamic, it is dependent on the acceleration versus time: history
of the escape system rather than the static scceleration levels alone. The avionics must therefore belance the propulsive and
serodynamic forces in order to maintsin the DR at or below the specified risk level, while at the same time maneuvering the
crew member.

CONTROLLABLE PROPULSION -

! For the avionics system to achieve its full potential, it must be coupled with a controflabie propulsion system. The basic
requirements of a controllabie propukion system are: (1) variabie thrust levels, (2) variable throst vector, (3) variable burn
time, and (4) high-frequency response. Such a propulsion system will aflow the avionics to actually “fly” the escape system.
Various systems are currently under development to provide this capability. Multiple solid-rocket motors and gel propellants
are being investigated to provide a variable thrust level, while configurations utilizing fied and movabie nozzies are being

i develaped to provide variable thrust vectur control. Soroe systems utilize 3 movabie main rocket nozzle supplemented by &

; series of reaction jets. The reaction jets provide a faster system response than is possibie with a movabie nozzie alone. A primary

factor in the design for 3 coatroflable propulsion system is a high-frequency response. If the thrust vector cannot be moved

quickly, the aviogics will not be able to control the flight path of the escape system.

DATA ACQUISITION

An avionics system, no matter how “smart,” must have a data scquisition system that can provide it with the information
secessary for flight control. Pressure transducers can moaitor the pitot and static pressures in order 10 determine the altitude
and airapeed. Accelerometers and gyros can be used to provide an inertial measurement unit (IMU). if a ground avoidance
capability is desired, 8 microwave radiometer (MICRAD) or radar altimeter could be added to the data acquisition system.
Another source of flight information is the aircraft itself. At the time of ejection, the sircraft data bus could be interrogated
to determine the initial eiection conditions. Thers is, however, a problem with using the aircraft data. The primary reason 2
crew member may decide to eject is the fact or perception that something is wrong with his aircraft. Therefore, the data coming
from the sircraft may be invalid or suspect.

Because the integrity of the aircraft data will generally be in question, it is considered better to rely mainly on the data
gathered by the seat-mounted sensors and use the aircraft only as a secondary source. Future aircraft may have the ability to
determine their aititude above ground level (AGL), not just altitude above sea level. The AGL data could help the aviounics
to determine how imminent ground impact is, and allow it to begin a specific escape sequence based on data obtained before
the crew member has actudly ejected. However, the avionics must continue 10 do its own sensing in order to determine the
validity of the AGL data from the aircraft. If the aircraft data cannot be confirmed by the escape systemn sensor, the avionics
must rely on the data gathered from its own sensors. o

Accuracy is a concern for all sensor data, not just the aircraft data. An avionics system without valid input dats is, in effect, o o
blind. For this reason, all sensor dat* must be checked and validated before use. With the software control available in digital oL T
avionics, this task can be performed with a high degree of adaptive logic. Current systems vatidate data by designing reundancy ‘ s
and reliability into the bardware of the sensors. Advanced systems must continue to provide recundant and reliable sensors, S
but the software can also allow the avionics to look at all the semsor inputs in relation to each other. if the air dsta sensors ot
are indicating a low spee and the accelerometers are indicating & bigh deceleration rate, the toftware can initiate 2 seif-test ‘
or perform additional logic checks in order to determine the most likely speed conditions. In the event thut all the ssnect data
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canaot be correlated, a generalived approach for the given conditions (e.g., a fail-safe approach) could be selected. Thus, in
hmd:mwmmmmwmﬂwmtﬁm&mmmym
that v'+ ..} perform much the same as curreat eacape gysiems.

h&mhﬂm&ymmﬁmgmnn&enﬂenﬁ«ﬁn&emhawdmpemamdm
pressuce ports is Jocated in the headrest area. These ports are used o sense the total dynamic pressure acting oo the seat. If
ths escape system were an aerodynamic body, both sensors would provide the same readings. However, experience has shown
that the two pressure readings generally do not agree with each other. Typical causes of the p: diffe are turbulent
airflow around the seat due to its blunt body, blanketing of a pitot from sideslip, and compressibility effects of local shock
waves. Moreover, when the aircraft hatch oc canopy is jettisored, turbulence around the aircraft can cause the two pressure
readings to differ. The solution to this particular problem is, however, fairly straightforward. It should be assumed that the
WWmmdnguﬁemmmmsonformuumamufmiyeuywmmewmnme
seneox, but it is difficult to increase it to a value abowe the free-stream maximum.

FLIGHT CONTROL

Currert escape systems provide a fairly simple flight control that is intended more for stabilization than for actual guidance
and control. Geaerally, a fixed main propuision system is used in conjunction with a drogue parachute, or small aerodynamic
fing, or both, to provide the stabilizing eect. The fins offer a partial sofution, but are limited by size constraints imposed by
the seat and cockpit geometry. A drogue parachute is a very effective means of stabilization; however. it develops its stabilizing
moments by generating aerodynamic drag. At speeds above 600 keas, this drag force when added to the escape system drag
force can cause deceleration louds that exceed the allowable human tolerance limits (DR). Some systems also provide active
pitch control by means of a gyro-controlled vernier rocket. In any case, the total force acting on the system is relatively coostant,
and the only real variation is due to aerodynamic forces. With the flexibility provided by a controllable propulsion system, the
total force on the system can be varied to meet the requirements of the ejection.

At high dynamic pressures, the acrodynamic loads on the crew member can exceed the human tolerance limits if his orien-
tation is not precisely maintained. This /; becauss open ejection seats are inherently unstabie in yaw (Reference 2). With any
slight perturbation, the seat will yaw, and at high speeds, a sligat yaw angle will create high lateral g-loads, and a consequently
high DR, on the crew member. Therefore, the first priority of the avionics must be to stabilize the crew member, and the second
to manegver him. Figure 2 illustrates the overall flow of a flight guidance system. When the crew member initiates ejection,
the seat-mounted sensors will begin to determine the attitude and acceleration forces acting on him and perform a life threat
amsessment. As the escape system emerges into the airstream, the acceleration and angular rate data will be used to determine
the counteracting moments that are required to maintain the seat in a stable attitude. After the seat is stabilized, additional
thrust for maneuvering or counteracting the aerodynamic drag will be applied in accordance with the life threat assessment
and the DR. This will provide a positive coatrol force from the very initiation of the escape sequence, and will eliminate the
need to wait for any type of deployable stabilization system to become effective. After the crew member has been stabilized
and allowed to decelerate to an acceptable speed, either a drogue or the main recovery chute may then be depioyed.
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As stated previously, the allocation of stabilizing moments, maneuvering .- 1oments, and additional thrust required by the
risk sssessment must be balanced against the DR. For an escape trajectory to be optimal, it must maintsin 2 DR value at or
just below that associated with the risk level. This means that the svionics must coatinually perform real-time DR calculations
and predictions based on the seat accelerations and the requested engine thrust. Because most propulsion systems do not have
an infinite amount of thrust, the thrust management system must be capable of allocating the available thrust in order to per-
form the desired maneuver. This thrust management logic s illustrated in Figure 3. The highest priority is given to stabilization
in the yaw axis, as this axis is the least stable and has the lowest acceleration tolerance limits. After the yaw stabilization require-
meats have been satisfied, the roil and pitch stabilization requirements will be satisfied. The last priocity is to include any addi-
tional thrust required by the life threat assessment to perform the maneuver or counter aerodynamic icads. This logic will allow
the escape system to expose the crew member to the minimum required loads in order to provide a safe recovery,
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Figure 3. Engine Control Laglo

Current escape systems do not feature a means of active ground avoidance other than minimizing the time to deplay the
recovery parachute; that is, the distance traveled by the crew member is minimized by deploying the recovery parachute as
s00n a3 possibie. Advanced systems will be able to sense altitude AGL, either from aircraft data or seat-mounted sensors, and
determine the tme of the impading ground impact. In a high-risk condition, the escape system will orient itself so that the
maximum deceleration forces can be applied to the crew member in order to stop his downward velocity. This logic can also
be ded to enable the crew members to awoid the aircraft and each other during egress. The geometry of the aircraft could
be stored in the avionics and the escape system flight path compared to it. Thus, the escape system will be able to avoid the
tail in a high-speed ejection, or the wing tip in a high-roll-rate condition. This type of decision-making Jogic will require the
use of digital avionics in advanced escape systemns. ’

CONCLUSIONS

Technological advances in the fields of digital electronics, solid-state sensors, and propulsioa systems bave opened the
door for new escape system designs. New sensors will provide information that was previously unavailable, digital avionics will
process that information in real tims, and a controllable propulsion system wil! provide the muscle to safely recover the crew
member. Any advanced escape system will require the integration of all three of these subsy in order to achieve the full
potential of each. However, it is the adaptive logic capability of the avionics that will allcw the escape system designer to take
this integrated system and make it deliver an order-of-magnitude increase in performance. By moving much of the decision-
making and control functions from the hardware to the avionics software, escape system performance that was previously only
2 concept can now become a reality.
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Bjection Seat Training of Jet Pilots and Weapon System Officers
at the German Air Force School of Aviation Medicine

by
Col. Dr. med. R. J. Amandt, GAF. XC

Gersan Air Porce Institute of Aercspace Medicine
8889 Purstenfelddruck, W~Gersany
P. 0. Box 1268/XrL,

BJjection seat systems have been in use since Vorld ¥ar IT in most Jet aircraft in Alr Forces all over
the world snd nowsdays have reached a high technical performance standard.

There 13 no doudt that any escape system can only bde as efficient as its operstor and user (being one
and the ssme personi) and hov he knows and correctly applies it within the systes performance limits.

Por these reascns academic and practical training of pilots and weapon syates officers in two-seatsr
aircraft has Decome mandatory.

The objectives of this training are as follows:

-~ Inform the pilot adout the physical stress on his dody during ejection from aircraft in order to
safe his 1ife and avoid injuries.

= Drill safe operating procedures of the respective escape system 30 they become routine and instinctive.
emphasizing what can happen if the system is not used correctly or in zood time.

- Bliminate the psychological threshold to actually get out of the protecting cockpit in case of
esergency sisply dy having slready practized this situation in a simulator.

Por more than two decades the GAP IAM has used the Martin Beker Bjection Seat Trainer thousands of
times to train airnrew on 1t.

The advantage of this Martin-Baker-Trainer wvas its very sturdy, simple construction powersd only by
a simple cartridge, which supplied the systesm with the required kinetic energy. After sctivating the’
systes the trainee on his seat moved rapidly up an inclined guide rail after an ejection gun had been
fired. The ascent was slowed down by gravity and brakes until a standstill was reached. Thin the
seat supported Dy & steel cable was slowly lowered to the botiom of the tower.

Increasing fair wear snd tear. especially on the gun, and consequently decrsasing accelaration, seat
deficiencies - this sest never conformed to a genuine ejection seat - called for a nev design. This
new construction was undertaksn dy the German y Rhein-rFl b (RFB) 1in close cooperation
with the GAF IAM, and is presently rleld-tested at our Instituts.

The primary objective with this nev device was to simulate ejcction from the aircraft as realistic
ag powsible under training conditions on the ground.

Attention should de paid to the following aspects:

= Training should bde performed under medically safe conditions; i. e. accelerations encountered should
not sxcesd adout 2/3 of those experienced in flight ejections.

« Individual training ejections should de documented.

- Training should be sconomical.

Fow let me give you a short description of the new training device and scme first experisnces with it.
The squipment consists of the following main modules:

-~ & mobile trailer (low loader)

~ raisadle tower including a hydraulic power unit

~ & carriage with exchangeable standard ejection seats, and

= & hydraulic and sn eleciric control unit.

The entire system i3 sounted on a mobile trailer. This basic construction sade of welded profiled

steel provides the required trafler stiffness against torsion and bending. Prior to opsration on

uneven ground the trailer 1a levelled into the horizontal by means of hydraulic stabilizing chassis
Jacks. The 13 = tower is in stowed position for transport, rests on a welded pillow olcck and may

be raised and lowered by hydraulics for operation. In its final up-position the towsr has an inclination
of 78 degrees. This corresponds to the angle at which the seat is ¢jected from the aircraft - related

to the aircraft's longitudinal axis. A pressure oil accumulator with 200 bar serves as energy source.
The power unit consists of a hydraulic cylinder with a piston. It is locatsd at the lower pertion of the
tower. The movable piston accelerates the catapult sled including ejection seat and pilot - the movable
aass i3 about 500 kg - along an elevatingdistance of one meter within 200 milliseconds at approximately
9 G. After this 2he sled plus seat and occupant is slowed down on the remsining distance enly by

gravity and cowes to a halt after approximately Y0 m.Arresting- snd return devices protect the sled
againat overshooting or saparstion frow guide raile and slowly return it to home positicn.
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Hydraulic control and safetr implasentations protect against exceeding limiting welues and dasages.
| Tais type of propulsion is yrsctically without fair wear and tear and contrary te prrotechnical
i operations say de used again snd again.
The catapult sled is designed in such a wvay as to accomodate any original ejectism sest installed in
sirsraft using & quick~esounting device.

This gadget facilitates individusl training:

Every pilot is trained on "his” seat. Thus the pilot is familiarized with the typical peculisrities.

1. o. position of the firing handle, its shape and the resistance it offers.

These serial seats are aranged in the rear portion of the trailer. To transport thas onto the sled N
ve use & forklift. .
The seats presently usad are the 338/STENCIL (in the Alpha-Jet), the CH T/MARTIN B4KER (in the Phantos) t
and the MX 10/MARTIN BAKER (in the Tornado)
All future systems may be utilized. These ts have been only slightly sodified, ¢. g. they have no

survival kit, no O -esergency systes or an esergency parachute respectively drogwe. In contrast. '
however. the whole inmu-pmnr-ntucnon unit furctions in the sase way ss in the original:

Upon sctivation of the system the upper dody ist retracted at first. Whén the sest starts soving ares and
legs ars fixed. Feet ana lower legs no longer rest on a moving and supporting footrest, bdut are
suspended freely as in the real ejection situation. Thus the pilot gets a first head experience adout
the bdenefits of a correct sitting posturs.

; : hotivation of the rescue systasm has also Deen modelled after realistic conditioms: In s single-seater
: i aircraft the pilot normslly activates the system himself. In s two-seater, however, it may slso be the
? Back-seater who activates the system. In the ejection system in the aircra’t is eagaged on "BOTH®,
. . a8 it is the case if a Jet paasenger is in the bdck seat., then the pilot sormally activates the system,
, . and the rear ssat firse first and 1is ouly then rollowed by the front seat some X0 to 900 millisecocnds
later. -

On & single-seat trainer this 1s simulated in such a way that the training ¥CO sssumes the part of the
pilot by activating the system externally from transportsble control doard sttached to his belly like
a vendor's box.
. v There is aiwvays training in a group: one sitting on the ejection seat of the trainer, the others
. watching the sequence of the procedures, which would take place almsocst without amy noise without the * ¢
pyrotactnical firing.
To simulate the reslisitc ejection the detonation bang is generated By electrounics:
The synthesizer producee a rzalistic bang which 1s heard by everyone present vis loudspesker systea.
The ejection sequence is demcnstrated with a double-bang. In this way the trainee experiences the
front-rear ejection sequence acoustically: the seat astarts soving only aftar the second dang.

Qur training device i® equipped with a little telssetrio system: s G-mater {s incorporated in the sled
in such a way that the actual G-loed is recorded via s ssall transaitter. Througk a receiver unit the
aignal is plotted on an acceleraticn tise-diagram. The record is provided with the ID-Number, the type
of ejection seat used. and with the current dsy and tise, and hence is an individml training document.
The meximel acceleration and corresponding time is marked with cross hatirs.

After spproximstaly four months of practical training experience with this new device we found s such
higher and better acceptance among pilots compared with the old systea. The strange or funny look
of this "blue monster® at first does not stimulate enthusiasw. But after the first shot the oldies
especially verify that thie type of training 1is extracrdinary useful and sven imdispensable for theam.
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TER USAF ADVANCED DYRARIC ANTHROPONORPHIC MANIKIR - ADAM

Roy R. Rasaussen, ADAN Program Xanager
Ints Xaleps, PhD, Chief of the Modeling and Analysis Branch
Bioaynamics and Biocengineering Division
Barry G..Arastrong Aarospace Nedical Research Laboratory
Wright-Patterson AFB OH 45433-6573
UsA

SUMMARY

Bjection from aircraft at high speeds poses severe injury bazards to the
crewmember. As performance characteristics of aircraft are further improved, the
protection capabilities of ejection systems must also be improved to assurs the
safety of the crevmesmber. The demonstration of these ejection system improvements
requires extensive testing with manikins to erffectively evaluate the performance
of the ejection seat and assess the injury potential to the crewmenber. The
Unitea Btates Air Porce (USAY) has embarked on a nev effort t2> design and develop
an Advancea Dyramic Anthropomorphic Manikin (ADAM) with improved human-like
fidelity and aata collection capability over currently available escape system
testing manikins. This effort has resulted in the development and fabrication of
two prototype (one small and one large) instrumented, anthropomorphic manikins for
testing ana evaluation and the production of ten manikins to be used in ejection
and other protection system testing. Discussed will be the design objectives and
resulting features of ADAM and a summary of testing results for exposure to
extIemea temperature and humidity environmeats; Gz low level 7ibration; and Gx, Gy
ana Gx whole boay impacts.

IRTRODUCTION

The use 0f mechanical human surzogates or manikins is becoming a more common
ana relevant approach for assessing the proper operation and safety of ejection
and crash protection systems and procedures, Barly manikins were developed to
psovicde inertial loaaing similaz to that of the human boay and wvere primarily used
to test the proper operation of harnesses, seat structures and ejection seats. In
these tests the concern was with the response of the equipment as affected by the
inertial effects of the human body. Typical manikins used for such applications
were developed by Sierra and Alderson in the 1958s primarily to provide human-liike
ballast for sjection seats. While their overall mass distribution properties wvere
quite good, their joint mobility and body flexibility were very limited. This
resultea in highly rigid responses to extsrnal forces and internal dynamic
measurements that did not compare well to huaan responses for similar exposures.

A new generation of manikins vas developed in the 1968s and 1978s, primarily
ariven by increased emphasis on road motor vehicle safety. The most common of
these is the Hybrid IX manikin originally developed by General Motors and adopted
by the National Highway Traffic Safety Administration as the standard automotive
safety compliance testing manikin. This manikin, most commonly known as the Part
572, baa considerably improved human-like fidelity. It was designed to provide
intérnal response measures that could be correlated to equivalent human responses
ana possibly, the l1ikelihood of injnry. Several other manikins were developed in
tne Unitsa states, Great Britain and Sweden in this same time period that
attempted to improve response characteristics, but none achieved the degree of
stanaard acceptance as had the Part 572 manikin. 1In the lats 197@s General Kotors
Jevelopea the Hybria IIX, which had improvea biofidelity and instrumentation
capability over the Hybrid II.

This evolutionary process dia improve the state-of-.he-art in manikin design
sopaistication, blofidelity and response measurement capability. Mcst of it,
however, was directed at roaa vehicle safety design consicerations with
considerable emphasis on chest and heaa impact responses, horizontal impact events
ana teating under highly controlled conditions., Attempts to use these types of
manikins in aerospace environments led to the identification of a number of
shortcomings. These included (1) the lack of proper dynamic longitudinal spinal
axis response (the predominant loading direction for aircraft related force
exposures), (2) the use of an umbilical cord for data retrieval requiring a
separate data acquisition system which in turn 1imits the freedom of manikin
motion and (3) durability sufficient only to vithatand relatively low forces
compared to those sncountered in aircraft crashes or escape from aircraft.

To acdress these shortcomings, the USAF has pursued the development cf an
Advancea Dynamic Anthropomorphic Manikin (ADAM) to be used in the teating of
escape systema and varicus crew protection systema and procedures. Its first
testing application will be in tne USAP Crev Escape Technology (CREST) advanced
ejection seat, where it will be used to validate the operation of the vectored
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torust rocket sjection aeat under realistic human-like paylocad conditions. The ’ i
manikin developeent effort was initiated in September 1985 and has resulted in the !
taprication O0f & small and a large prototype manikin., Design emphasis bas been on ; !
the manixin provicing & human-like reactive lcad into the ejection seat ana i
possessing realistic aynamics ana kinematics due to windablast, impact, vibration :

and accslegation forces repressntative of those encountered during ejection from

ajrcratt.

ANTEROPONETRY

Zhe amall and large ADANSs are based on a USAPF male aviator anthropometric
survey conauctea in 1967 with the specific dimensions and inertial properties
taken from tri-service (U8 Aray, Navy and Air Porce) recommendationa. They are
based on multiple stature and veight regressions on the 1967 USAF male flying
personnel survey data corresponaing to approximately 3rd and 97th percentile
inaividuals with & projected time growth factor for the year 1999 (Ref, 1l). The
manikin boay bhas 17 articulating segments consisting of the head, neck, upper
arms, lower aras, hands, thorax, abcomen, pelvis, upper legs, lover legs and feet.
Pigure 1 shows a small ADANM with skin coverings in place. The design requirements
inclucea (1) articulating joints for the shouldezrs, elbows, wrists, hips, knees
and ankles as wvoll as articulations tfor the spine, including the neck, (2)
appropriate joint ranges ot motion ana joint resistance properties, (3) weight of
each body segment along vith the total boay weight for both manikin sizes to be
vithin the tri-service specifications, (4) segment surface contours to conform as
much as possible wvith corresponair.g human shape for each size manikin, (5) segment
moments of inertia, centers of gravity locations, and joint centers of rotation to
be within the tri-service specifications (Ref, 2). Pigure 2 shows the ADAM joint
tangjes of motion. PFigure 3 illustrates the use of the Space Electronics Mass
Propertics Measurement System used to determine the center of gravity ana moments
ot inertia of all the ADAM segments.

JOINT STRUCTURE

The design for ADAM stresses faithful human joint articulation and torso axial
deformation to properly reflect the mass shifts and l1imb motion, as vell as ' '
aynamic spinal compression, that an actual crewvmember would experience during a
whole boay abrupt accsleration ana windblast exposure, ADAN has articulating
joints for the shoulders, elbows, wrists, hips, knees and ankles as well as
agticulations for the lower sapine. All the joints with the excaption of the neck
and spine, are single or compound revolute joints with precisely defined axes
orientations, joint stops with soft snubbers, aajustable friction pads for joint
resistance ana position sensing potentiometers. <These features can be seen for
the knee ana shoulder joints in Pigures 4 and S, respectively. A standard Hybdrid
I manikin bheaa anda a Bybria III neck were used. The axial spine element is a
combinea spring and pyoraulic daaping element which is tuned to provide
longitudinal impact response witn a natural resonance in the .8 to 12 Hz range.
Re-tuning may be accomplishea by spring replacement and use of a different
viscosity byaraulic fluia. Below the axially ceforming spinal element is a
universal joint that allovs for yaw motion as well as flexural and laterai
bending., This compound articulation is approzimately in the lumbar anatoaical
region ana provices the only bending articulation in the torso. The total spine
structure is shown in Pigure 6.

IMSTRUMENTATION DESIGH

The total instrumentation and data acquisition system for ADAN is a
substantial aavancement over any other current manikin. A Notorolla 68028 32-~-bit
RiCIOpProcesaor controls the entire data acquisition pzocess and is located in the
thorax. The instrumentation system provides for signal conditioning, analog to
aigital data conversion and pre ana post test calibration of each channel., The
system interfaces with many different types of zensors including accslercmeters,
pressure ganges, velocimeters, strain gauges, temperature sensors, position
sensors and the like. In its standara configuration, the system can collect 128
channels of sensor information at 1984 samplas per second per channel (72 channels
witk full signal conditioning on the menikin and 56 preconditioned channels
extsrnal to the manikin). All 72 ADAX channels have individual anti-aliasing
low-pass tilters with computer controllable cutoff frequencies.up to 24§ Hi. The
system configuration can be modified by a hand-held diagnostic unit to change the
numder of channels, the sampling rate and the filter bandwidath. The
instrumentation system has 512 kilobytes of static random access memory (RAN) to
store test cata ana aas an intezrnal back-up power source to prevent data loss if
POver is inaavertently lost after a teat. Data can also be collected during a
test using an on-board pulse ctode modulation (PCH) telemetry transaitter and a .
head mounted antanna, This technique can be used with a landline link or with a ;
£&010 1link to A& recaiving station., During a dynamic test, data can be telemetered
in near real time via the on-board telemetry transmiiter and/or stored in on-board -
memOry for downloaa following completion of the test. Bhown in Figure 7 is a . {
small ADAM with the upper torso, right arm and rigbt leg akins removed to show the : :
instruaentation package located in the thorax area, a battery storage compartment
in the uppezr leg and the head mounted antenna used for data transamission. The
circuit boara contiguration, from the rear view, is shown in Pigure 8.
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The availability of 128 channela of data allows extensive monitoring of the
sanikin's responses as vell as collection of external data. ADAA has been
aesignea £Or measurement of thrse orthogonal acceleration components (tri-axial)
in the head, thorax ana pelvis) six force and moment components both betwesn the
nead and ths neck ano between the lumbar spine ana the pelvis; and the position of
all revolute joints. Additiocnally, load calls are located at the joints in the
lower legs to measure torsional moments. Pigure 9 shows the location of & number
of ADAN transaucers. A listing of these transducer channels, including ones for
internal temperature and parachute rigser loads, are presented in Tadble 1.

Pour pieces of primary support equipment can be used with the ADAN's
instrumentation system. They ars the Field Pover Supply, the Decomsutation
System, the Dsta Retrieval &nd 5torage System and the hand held Control and
Diagnostic Unit.

The Fisla Power Bupply (PPS) 1s & rechargeable power supply that was designed
to supplement ADAN's on-board battsries. The FPS contains its own rechargeable
pattery which electronically circumvents ADAN’s on-board batteries whenever it is
connectsd ana placed on-line., The Decommutation System is used as a landline
telemetry link for real-time data acquisition during tests and as a diagnostic
tool for the on-board telemetzy system. The Data Retrieval and Storage Bystea
(DRASS) ott-loscs cata from ADAMN's on-boara memory and stores the data. A high
speea parallel port is located on ADAM's instrumentation system to download data
to the DRASS, wbich takss approximately four seconds. The DRASS is the link
between ADAM and & aevice for permanent data storage and/or analysis. The DRASS
can communicate with a wide variety of computers, printera and terminals using a
stanacarq R§-232 or RS-422 serial port at various baud rates. The hand held
Control ana Diagnostic Unit (CDU) 1s used to access a4 cComprehensive set of
alagnostics to test the system operation and to provide assistance in aystem
caiibration ana haroware trouble shooting, FPigure 19 shows the ADAM with its

support equipment.

ADAN COMNPLIANCE TESTS

ADAN was subjectec to a series of rigorous tests to ensure that it performs to
the aesign specifications. The tests wvere aesignea to auplicate the environmental
conditions to which ADAN will be subjected during an ejection test at Holloman AFB
SR in support or the CREST cevelopment program. This section describes a number
of tests conducted by the UBAF to evaluate ADAR. It also provides a summary of
the tests, but is not meant to be an in~depth test report since many of the tests
nave gfecently been completad and further data analysis is still to be performed.

Gz Vibration Tests. The Gz vibration tests wers conducted to determine ADANM's
spinal cynamic response and to test the functional integrity of the
instrumentation system unaer vibration conditions. The tests were conducted on an
Unboltz-Dickie vibration table (Figure 11). Data collected in the tests included
the torce between the seat and vibration table, velocity of the seat, and driving
point impecance (magnitude and phase) between the manikin and the seat. In the
tirst series or testa the frequency range covered was 3 to 38 Bz in 1 Hz discrets
increments and at low acceleration levels (Small ADAM -~ #.2 and §.4 G and the
iarge ADAN - §.2, $.3 and 0.4G) typical of those used for buman impedance
measuresent testing. In the second series of tests, the primary concern was the
ADAN instrumentation system duxability and possible mecharnical resonances from 39
to 208 Hz that might lead to structural slectrical system damage. Preliminary
test results inaicatea a resonant trequeancy of approximately 12 Hz for the small
ADAN sna § Hz for tne large ADAN. Theae values corraspona to the 14 Hx natural
resonance trequency designed into each manikin for spinal dynamic response. No
structural system camage or data collection problems were encountered during the
vibration teats.

Vertical Drop Tower Tests. The primary purpose of these tests vas to evaluate
toe durability of the ADAM mechanical structurs, sensors and data collection
system for Gx impacts up to 24 Gs and to determine the degree of improvement in
daynamic response simulation provicdea by the ADAM versus the manikin currently used
£or ejection seat tests, the Grumman-Alderson Research Dummy {(GARD). 8ince the
ADAR will be used to evaluate the performance capability of the CREST technologies
gemonstration ssat, it was vital that the dynamic response properties of the ADAM
be measured in a realistic context. Therefore, the use of seat cushions and
restraints associatea with CREST were usea in the tests. A rather extensive
progras was conducted to determine not only how ADAM responas to vertical impacts,
but also how humans and the GARD manikin respond under the same impact conditions.
The followiang tasks vere performeda as part of this program: (1) measurement of
the aynamic response of the human body during +3-axis impact with seat-back anglas
of § ana 19 cegrees, (2) measurement cf the dynamic response of the ADAA
prototypes curing +3-axis impact with seat-back angles of 18, # ana ~18 degrees,
(3) measurement Of the dynamic response of the GARD manikins during +3-axias impact
with seat back angles of 18, § anc -19 degrees, (4) measurement of the dynamic
response ot human subjects, ths ADAK prototypes and the GARD manikins with and
without seat cushions, (5) measurement of the dynamic response of human subjects,
the ADAN prototypes and the GARD manikins with the CREST X-band 98 cdegree and
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PCU=15/P restraint parnesses, (6) demonstrate the structural integrity of ADAR
prototypes and ipatrumentation aystems and (7) demonstration of the functional
capability of the ADAN inatrumentation systes.

A generic seat was used during the tesats that vas fully instrumented to
sesasure seat deceleration, loaas applied by the test subject to the seat back and
pan ana hacness tie-down loands. The tests used the CREBYT X-band 9§ degzree and the
PCU~15P bharness to restrain the test subject and were attached to the test fixture
through losa cells so that subject-applied harness loads could be measured., BEight
channels of ADAN cata were recorded through three aifferent paths and measuced:
(1) Beaa X acceleration, (2) Head 3 acceleration, (3) Chest X acceleration,

(4) Lumbar 3§ scceleration, (S) Lumbar £ force, (6) Meck 3 force, (7) Right knee
flexion anc (8) Left elbow flexion., These eight ADAN data channels ware connected
in parallel to the Automatec Data Ac?utlltxon Control System (ADAC3) of tae test
facility which ssrved as a stancard for comparing data obtained by the tollowing
tvo metdods. The cata from these safe channels vere obtained froa the output of
tne telemetry port of the ADAN aystem ana from the on-board ADAMN memory systea,
Compacrison ot the aata recoraed by these two aifferent methods against the
stancard (ADACES) was used to proviae an evasuation of the functionality and
accuracy of the ADAN's telemetry and memory systems.

Borisontal Ispact Tests. The specitic objectives of these tests were to
{1) cemonstrate the ADAR structural durability and data acquisition system
reliability (comparing duta obtained via the ADACs, ADAM on-board memory and
telemetsy), (2) measure the dynamic response of the ADANs during -X-axis and
=¥=-axis impacts by measuring the restraint load-time histories and body motion and
then comparing it to existing numan test dats and (J) demonstrate the stability of
the ADAN electronics vith respect to pre-test sensor sensitivities.

All tne tests were conducted using the AAMRL Impulse Acceleration facility at
Wright-Patterson AFB OH. The experimental test fixture vas the *40-G seat® on a
17 cegree weage (used in ~X-axias testing only), mounted on the Impulse
Acceleration slea and muaitied to represent the CREST seat in an P-16
contiquration. Por the +Y-axis tests, the seat back was reclined 13 degrees from '
the vertical. The X-Bana 45 degree restraint harness and the X-Band 98 degree
festraint harness vece used for all tests. BRach manikin contained the following
sensors: tri-axial linear accelerometsrs mounted in the head and chest,
siz-component loaa cells mounted in the head/neck and pelvis and an externally
mounted tri~axial chest acceleroweter, Photogrammetric data was recorded during
eacs test by high speed cameras sounted on the sled at oblique and right angles to
“ne manikins. Preliminary results have demonatrated that both ADAMs successfully
passea tests of up to 45 Gs -X-axis and 14 Gs +Y-axis impactas without permanent
detormation or tailure ot mechanical structures and the instrumentation systes
operatea ana asintalineda structural integrity.

Envizronmental Tests. This series of tests wvas designed to expose ADAM to an
environment similar to the one i1t is to operate in. The main objective of the
thermal tests vas to evaluate the functional integrity of the instrumentation
system uncet thermal conditions for temperature ranges of 32 to 158 aegraes
ranrenheit (# to 70 degrees Centigrade) and humidity ranges of § to 98 percent
reiative humiaity. The small ADAN was placed in an environmental test chamber and
exposed to the tollowing combinations of temperaturse and humidity:s 1) high
teaperature and high humidity, 2) aigh temperature and lov humigity, 3) low
teaperature and bdigh humiaity, and 4) low temperature ana lov humidity. Bach teat
vas tour hours in quration. ADAN data vas collected from both the on-board memory
and from the telemetry output. Comparison of the data recordea by the two sources
vas useqa to provide an evaluation of the functionality and accuracy of the ADAM
telemetry and memory systes qduring extremes in temperature and humidity. One
problem vas aiscoverea guring the tests. At approximately l4# degrees Pahrenheit,
with the manikin fully powvered, the central processing unit failea. At the time
of failure the internal temperature in the instrumentation enclosurs caused by
heat buildup vas 229 degrees Pahrenbeit., While tk central processing unit failed
at this temperature, no permanent damage resulted u.id total functional recovery
occurread after system cool down, PFurther tests are planned to investigate this
problem. Cooling devices may need to be inrtalled in the instrumentation
encloeures to cissipate heat for operation in high ambient temperatures. Cold
tewperatures ana varying numjiaity levels daid not affect the operation of the
instrumentation system.

BUMMARY

The ADAN nas been designed not only to provide correct reactive loads into the '
hacness, seat and any other interactive structures, but to also be sufficiently
internally biofidelic so that its internal response measures may be related to }
squivalent human responses under the same exposure conditions. The information !
acquired from ADAM will provice unique anda valuable insights into the cesponses of !
the combined ADAN and ejection seat system to high-speed windblast, impact,
vibration and acceleration forces. Perhaps more importantly though, it also will
proviae eviadence a&s to how these combined forces will affect the crewmamber and
allow & realiatic assessment of his changes for survival., While substantial
valiocation still neeas to be performed, the bioficelity and extensive response
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urement capability of ADAX should make it a powerful tool for the safety
assessment of ajrcraft subsystems and procedures.

ruture refinements to ADAM currently underway include developing composite
segments for more anatomically correct inertial and bone-like deformation
properties ana an improvead neck to provide more human-1like responses in forward
and lateral impact airections.
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SURNARY

The United States Air Force is currently engaged in an advanced development program
to demonstrate the feasidility of extending the capability of open ejection seats to
700 XEAS. The prodabtlity of tnjury at this airspeed ts estimated to be 100 percent,
based on the current 1ajury statistics. Past approsches to wiaddlast protection have
involved the use of Narnesses and limd tethers which have proved to be wanaccaptadle to
pilots. Therefors, advanced unencumbering techaiques are required to provide the needed

, protection. The USAF has developed and tested a windblast protection concept that
: wtilizes high-strength, deployable fadric panels. The panels capture and slow the

aarodynanic fiow fmptnging on the ejection seat occupant's extremities and torso and
reduce the probabdtlity of windblast induced flail injury. MNind tunnel tests ware .
canducted 1n low- #nd high-speed wind tunnels using one-haif scale models of 3 fiftieth .
percentile crewman and sjection sest ss well as full-scale maniking and modified ACES ]
11 ejection seats equipped with the flow-stagnation panels, The tests were #¢compiished
to determine the degree of protection for the crewmember, the influence of the flow-
stagnation panels on ejection seat aerodynamics, and the effects of design changes to
the panel skhipe and material. The wind tunnel tests have demonstrated the protective
potential of the flow-stagnation concept, but clessical aerodynamic and windblast tests
have tndicated the configuration of the panels 1s critical to the protection of the
crewaember's head. Configuratiaon of the panels is also critical for the reduction of
the tota) loads acting on the crewmember and seat combination. Without passive
serodynamic reduction of the forces and moments, a larger catapult and stabiiization
system thrust must be used to maintain stadilized flight through the ejection sequence.
An overview of the flow-stagnation windblase protection system tests, the implications
of 1ts use and required future tests are discussed.

INTROOUCTION

An unfortunate George Smith was forced to eject from his F-100A cver the Pacific
Ocean on February 26, 1955, The altitude at the time of ejection was between 5070 and
7000 feet. The aircraft was travelling at 875 KEAS in a near vertical dive meanin
that Smith encountered dynamic pressures in excess of 1500 pounds per square foot ?ps!)
during Nis entry into the airstream. As 2 result of his experience, Swith recefved
syitiple injuries but none of them proved to de fatal. These included internal
hemorrhage, concussion, hip joint sprains, and an fntestinal obstruction due to a
perforation of the intastine which was beifeved to occur during the ejection 23 well as
& plethora of other minor ailments. Following hNis accident, researchers made the first
attempt to quantify the forces and acceisrations endured by the pilot and correlate
them to the asctual fnjuries sustained, A series of high~speed sled runs was conducted
at the Air Force Flight Test Center, Edwards Air Force Base to measure seat and manikin
accelerations and calculats the forces occurring during test ejections desfgned to
simulats Smith’'s expertenca (1). It was concluded that the medical findings were
consistent with the pattern of accelerations and forces calculated during the simulated
ejection tests.

Surveys conducted later were more complete in describing the relationship between
afreraft speed at the time of ejectton and injuries sustained (2), Statistical
ejection dats from United States Air Force (USAF) was used to relate the freguency and
severity of windblast injuries to atrcraft speed., Given the average speed of ejection
as determined from this study, 225 knots indicated afrspeed {KI[AS), the expected injury
rate was only 3 percant, However, §f this figure were %o increase by 50 knots, as in
the case of combat situations where slowing to optimum speeds before escape is not
possible, the Injury rate would rise to 7 percent. A further increment of 50 knots to
325 KIAS would result 1n a 13 percent incidence of flatl injury. Also, the average
speed of ejection resulting in major Injury was found to be 414 KIAS for USAF ejection
experience through 1970, The analysis clearly shows that {njuries causad by the faorces
and accelerations during ejection have the potential for !ncreasing in & nonlinear
fashion to a point at which there is a 100 percent cartainty that an ejecting
crevaember will recefve & windblast injury adove 600 KIAS.

Other researchars have investigated the correlation of ejection-induced or
windblast injury and USAF election experience to produce & "probabdility of flai}
injury® curve a3 a function of atrcraft speed at the time of ejection (Figure 1),

Payne described the relationship between flatl tnjury and ejection airspeed and
demonstrated that the probadility of flatl Injury is normally distributed by the square
of the iIndicated atrspeed (3). 1In 1978, Belk categorized flai) injuries against
afrcraft type, sirspeed at the time of ejection, method of inittation of ejection
{sequenced, D-ring, face curtain, sideara, or inadvertent) and presence or lack of
restrafnt systems designed to prevent flajl injuries, The resulting injury turve. that
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ware generated show the same relationship between the probadiltty of flail tnjury and
ejection airspeed that the surlier analyses procduced (4), Belk's work also showed,
Nowever, that tha average ejection airspeed was increasing with newer atrcraft. This
resulted 1n an increase tn flafl injury as predicted by the prodadility of injury curve
versus ejection afrspeed, It appears that the occur-ence of windblast injury would bde
2 limiting factcr in judging the performance capaoilities of emergency ejection seats.
Minddblast countermeasures will be essential {f these capabilities are to be extended to
higher afrspeeds,
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FIGURE 1. PROBABILITY OF IMJURY ¥S., EJECTION AIRSPEED

PHYSICS CF WINDBLAST RESPONSE

Understanding the physical processes that occur during windblast fnjury are
necessary in order to design an effective countermeasure, Fortunately the physical
processes which produce windblast injury are well understood {(§), There s great
disparfty between the forces acting on the extremities of an ejectee and those acting
on the seat during ejection intc a high-velocity windstream. The limbs are forced
outward (to the side) and backward due to the direction of the aerodynamic flow, and
because of their higher drag characteristics they decelerate more rapidly than the
torso and seat, If the arms and legs are dislodged from the seat by the aerodynamic T
and inertial forces and if the airspeed 1s sufficiently high, the extremities are
{njured when joint strength {s exceeded or when the long bones are fractured by contact
with the seat structure. Injury of the cervical spine is caused by tension, bending,
and/or shesr loads resulting from inequzlities of the aerodynamic forces and
accelerations acting on the head and neck.

PROTECTION TECHNIGUES

Solutions to the problem of preventing windblast injuries fnclude many fdeas on
restraining the motion of all extremities and reducing the loading occurring on the
limbs by altering the aerodynamic flow as well 2s reducing the inertial loading.
Conventional approaches to windblast protection have used extremity restraints such as
leg garters and arm sleeves with encumbering straps which must be donned and attached
to the seat. Head and neck protection concepts have restricted mobility, added bulk,
presented actuation problems, and frequently created added injury hazards., Therefore, .
conventional windblast approaches have not been readily accepted. ) s ;

The approach to crew protection for emergency escape at high airspeeds has been
encapsulation of the ejection seat (as 1n the B-5B8 and B-70 escape systems) or use of 3
separable cockpit as an escape vehicle (as in the F/FB-111 aircraft). However, both ; K
systems have consicaradble weight, cost, and low-altitude performance penaitfies.
Therefore, new approaches are being considered to reduce the risk of windblast injuries
in open ejection seats. These {ncliude the use of both active restraint, requiring the
occupant to take actfon to don the system, and passive devices that provide protection
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:y‘rcducing the asredynasic flow impinging en all or a portion of the seat-occepant’s k
ody . . . - . . . N e . o
State-of-the-art sjection sest stabilization fs a majer facter that constrains the
destign of am effective winddlast protection system. ¥ind tunnel test data and the
results of recket sled tests have demonstrated that ejectien seits Mave mot achieved
adequate directional stadbtlity at high-speed. This probiea severely compromises the
affectivensss of side panels and nets which are sounted to the stdes of the seat and
intendead to preveant extresmity flatl injuries. However, directicaal ceatrol has been
improved in the recent generation of ejection seats ind further advencements are
anticipated tn the next decade. Therefore, protection scheses predicatad wpon improved.
seat stabilizatien may have serit as loager term solutioens, . S -

THE FLOW-STAGRATION CONCEPT B

The USAF has develeopead and tasted » windblast protection ceacept that etiliztss
Mgh=straagth, deployadle fabric panels (6). The panels capture snd slow the -
serodynamic flow 1-p|n21n. on the ejection seat sccupant's extresities and torso, and
they reduce the prebdability of windblast<fnducad flafl fajury. This captured air, or
stagnated flow, then diverts the high-velocity airflow around the seat occupant. The
crownesbar sits in the flow-stagnation region which elifminates the large differential
pressures which would act to dislodge his 1imbs. One of the flow-stagnation
configuretians currently deing studied uses a fabric feance erected around the
seat-occupant's head, torso, and wpper legs prior to ejection (Figure 2).

OVERVIEN OF FLOW-STAGNATION PROGRAN

The effactiveness of the flow-stagration concept has Deen evaluatsd by wind-tunnel
tests utiliztng both scale-models and full-scale test sjection seats equipped with
panels and operations) hardware. The scale-sodel tests were sccomplished to determine
the concept feasibility, the loads acting on the crewsember, Nach nuaber effects and
the effects of panel size on the amount of protection given to the crewmember., The
fullescale tests were run to evaluate the affects of the flow-stagnation panels on seat
performance. : '

e e e e e =

During the scale model tests, a one-half scale model of a crewmamder and ejectton
seat was vsed. The size of the stagmation fence was varied from an estimated maximum
feasible s1ze to 25 percent of those dimensions, The maxtsus-size femce configuration
protruded 12.5 In forward above the occupant's helmeted head, 9 in forward at
atd-helmet level, 9 {n forward at wpper-arm level, and 6.75 in wpward from the sest
sides by the lewer-arm (full-scale dimensions).

The data collectad during these tasts indicated that the flow-stagnation feace s
very effective, Pressure medsured at various points within the cavity bordered by the
fence showed the degree of stagnation ranged from 80 to 100 percent when the saximum
fence was used and 50 percent when the fence dimensions were reduced dy one haif. The
pressures measured on the seat-occupant's helaet visor and chest were raised only
sliightly since these areas are normaily regions of stagnated flow. The loads measured
by the force-measuring devices within the ssat-occupant mode! showed major reductions
when the flow-stagnation fence was vsed. For exasple, previously sessvred vertical
forces of approximately 1000 pounds acting on the Nead were reduced to near ero over
the range of pitch angles tested. The axial forces acting on the head were reduced to
near zero when the fence size was 50 percent and were negative wilh the
moxinmum-dimension fence. Negative forces indicate that the force was now acting in the
opposite direction, The sideward forces ac%ing on the head and arms were also reduced.
The stagna:lon fences affectad the vertica) force on the lower arms in the same manner
as the head.

Forces and moments seaswred to evaluate the influenca of the fence on the
aerodynazic properties of the model revealed several significant changas in the
stabilfty characteristics. First, the pitching-moment coafficient was reduced. ThHis
1s a benefictal effect stnce the modei without the fence has a sigaificant negative
pitching moment. Second, the addition of the fence had practically no influence on the
yaw moment. Third, the drag coefficient of the mode! nearly doubled whem the maximue
size fence was wsed and increased by 75 percent whea the feacs size was reduced by one
Nalf. Fourth, the force coefficient acting perpendicular to the wind vector increased
from -0.11 to -0.58 when the full-size fence was added, Redwction of the fence size by
one Malf did not produce & mafor change in this effect, -

Mach number also had a significant effect a2a the aerodynamic forces ecting oa ald
the 1imb segments of the basic mode), The limbd forces genersily incressed with
1acreasing Mach number. MHowever, when the flow-stagnation panels were sdded, the 1imd
forces were reduced again to nearly zero. Although the 11ft values for the head
increased slightly with tacresasing Mach nuabder, the values resatnad low ta magnitude.
The protection afforded by the flow-stagnation panels was effective for 2all 1imds wp to
speeds of Mach 1.2 (7). .

The crewman/seat model was not believed to be a ressonable indfcator of seat
perforosnce characteristics with the flow-stagnation panels sttached. Since the
crewmember's 1imbs wers extensively fnstrumented, the flow-stagnation panels were
purposely built outbosrd of the arms so thet there was no possidility of interference.
interference between the flow-stagnation panel and 1imbd would have altered or made the
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neasurement fmpossidle. The mounting structure for the flow-stagnation panels was
reasoned to increase total seat drag and norsal forces because of the increased

H projected frontal area. These increased loads would tend to fncrease already high

: deceleration loads and sink rates. A larger catapult and rocket motor would de
required to compensate for thess effects, and the weight and volume requirements for
the additional propellants would preclude the use of the flow-stagnatfon panels.

F VN —— Y

: : To circumvant the difficylties of using instrumented scale models to evaluate the
! : effacts of the flow-stagnatton panels on seat performance, full-scale tests were

. : conducted. Prototypes of the flow-stagnation panels were fadricated and attached to an
ejection seat. A total of seven flow-stagnaticn coafigurations were tasted during two
wind-tunnel test series. Human subjects were used during the test program and were
outfittad with ainimal flight gear, The full-scale static serodymamic coefficients
that were found with a flow-stagnation configuration simtlar to the one tested on the
scale model, indicated significant improvement, For sxample, the total ssat drag was
40 perceat greater than the drag measured for the baseline. The same measurement for
the model indicated a 100 percant increase., The normal force coefficient showed 2
positive tncrement over the daseline configuration. The remaining aerodynamic
coefficients reflected the trends observed in the scale-model wind tunnel tests,

! Further investigation of the high drag values was 2ccomplished with the use of
smoke injections into the windstream, The smoke was injected upstream of the model,
and the flow over the model was odserved. VWith the baseline model {no flow-stagnatiom B
panels) the smoke was swept around the crewsember and was quickly dissipated behind the
seat into 2 low-pressure region, The smoke flowfield swept a different apparition when
used on the model fitted with the flow-stagnation panels, The smoke was observed to
dissipate almost immediately to the side of the penel after it passed the leading edge.
This was an frdication that the low-pressure region was larger for the flow-stagnation
¢ configuration than that of the baseline. If the airflow separation were moved

‘ downstream, the low-pressure region could de reduced or eliminated and the total drag
acting on the seat/crewmemder comdinstion would be reduced.

Follow-on, full-scale wind tunnel tests were designed to shift the point of airflow

; separation aft of the leading edge of the flow-stagnation panels. Principles of thrust A .

; vectoring were used to locate vent locations along the flow-stagnation panel where the

' i flow separation was observed to occur., The venting allowed the high-pressure afrfiow

! from within the stagnation volume to enter the separated region along the side of the

: seat, re-energize the boundary layer, and delay flow separation. Three vented
configurations were tested with each configuration allowing more venting than the
previous one tested. The third configuration had venting locattions at the leading edge
of the flow-stagnation panel, mid-panel and rear edge of the panel! (Figure 3), The
total drag of the crewmember and seat combination was significantly reduced for these
configurations, Improvements of 26 perceant in total drag were measured for the
three-vent configuration, The drag or axial force coefficient values for the various
panel configurations are shown in Figure 4, - - e - e e e
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Nigh pressure atrflow was also introduced 1nto the low-pressure regions surrounding
the seat Shrough porous fabric used {n the construction of the flow-stagnation fence,
In these configurations, the Righ enargy airflow would be perpendicular to the general
alrflow surrounding the seat. The porous flow-stagnation fences would be simpler to
manofacture snd, theoretically, should transfer the high energy air sore efficiently.
Howsver, the wind tunnal tests indicated that the porous fences incredsed the arag
sigaificantly and no further tests were done with these materisls (8).
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FIGURE 4, TOTAL SEAT DRAG ¥S. ANGLE OF ATTACK, VENTED CONFIGURATIONS
APPLICATION OF CONCEPT

The U.S. Alr Forca 1s curresntly conducting an advancaed development program called
the Crew Escape Technologias (CREST) Advanced Development Program under the direction
of the Human Systems Division of the Atr Force Systems Command, The odjectfve of the
CREST program 13 to develop and demonstrate, through full-scale testing, new escape
technologies required to reduce fatalities and major tnjuries in future aircraft
ejections. Extending the M gh-speed performance 1imits to 700 XEAS is a major goal of
the program, Currently, the flow-stagnation concept is the windblast protection
technology that 1s deing demonstrated, along with other critical subsystems such s
¢rew restraint, advanced propulsion and digital fiignt control. The 8oeing Advanced
Systemss Company is the prime contractor responsible for the effort.

The CREST configuration for the
flow-stagnation fence ts significantly
different than the designs tested
previously (Figure 5). The fence design
conststs of an upper section smade of
nigh-strength Kaviar fadric attached to the
seat back. Thts upper section forms a
bonnet for the crewsesmber and acts as the
flow-stagnation fence. The lower section
on esch side of the seat 1s made of net
naterial designed to entrap the
arms. The arm retention net consists of a
triangular-shaped plece of matertal with a
flexible cable routed through the Teading
edge of the entire fence. The aft edge of
the arm retention net is asttached to the
seat sides. The arm retention net and
deployment cable are stowed with the
flow-stagnation bonnet, The assemdly s
deployed during ejection fnitiation with
the bonnet and arm retantion net being
pulled into place tightly with the leading
edge cable and cabdble-to-seat attachments,
Daployment 13 powered with 3 linesr
actuator and capstan. For lower extremity
restraint, the seat side structure is
extended forward and fit with deployabdle
metal panels that are designed to prevent
foot rotation. When deployed, these panels
are Yocated on both sfdes of each foot. :
¥ith this antt-rotation pane) design, the legs FIGURE 5. ' CREST WIRDBLASY PROTECTION
sust be ratsed to make sure the feet are E ASSEMSLY
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positionad above the bottom edge of the panels, The foot panels are also deployed the
instant the ejection handles are pulled. They are mechanically connected with a
latching machanisa to the sjection handlas. Nhen the handles are pulled, the panels
rotate and lock into place (9).

¢ o The CREST design requirements for the windblast assembly were that the 1ift loads

’ P acting on the head and neck would not exceed 300 pounds and the sida loads wauld not

: exceed 50 pounds during a stabilized ejection trajectory. This applies throughout the
escape envelope which includes ejections at dynamic pressuces up to 1660 psf. Orag
toads on the head were not specified since the aerodynamic and inertial loads were
expected to be reacted through the headrest of the ejection seat. The design goals for
the CREST windblast protection assembly were established using the probability of
injury for varfious ejection airspeeds and wind tunnel data collected using scale models
designed for measurement of the aerodynamic loads acting on various segmwnts of the
crewmesber's body. .

CREST WIND TUNKEL TESTS

Boeing conducted wind tunnel tasts at the Arnold Engineering and Development Center

to gather aerodynamic data on the crewmember and seat combination and to verify the

' destign of the windblast assembly (10). The tests were conducted in two different

: tennels: the 16 X 16 foot transonic tunnel and the 16 X 16 foot supersonic tumnel, In
the transontc tunnel, the fnvestigation was run at Mach numbers from 0.6 to 1.5 at
angles of attack from -25 to 90 degrees and sidesiip angles from -30 to +30 degrees.
In the supersonic tunnel, the data were obtained at Mach numbers 2.0, 2.5 and 3.0 at
angles of attack from -10 to 70 degrees and sideslip angles from 2 to -18 degrees, The
dynamic pressure was varied from 135 to 400 psf and 117 to 250 psf in the transanic and
supersonic tunnels, respectively.

The crewmember and ejection seat were one-half scale models that included
sufficient detatl to aerodynamically represent the geometry of the CREST seat
configuration., However, the wind tunnel model was not equipped with anti-rotation foot
panels located along the instep. Overall crewmemder and seat forces and moments were
4 . measured by a six-component, internally-mounted balance., The crewmember was . .
instrumented to measure the aerodynamic forces and moments acting on the crewmember's
11ebs plus static pressures located at varifous critical points on the manikin, Of
specific interest were the aerodynamic drag loads acting on the seat as well as the
side and 11ft loads acting on the crewmember’s head.

. The total forces and moments measured on the CREST seat with a windblast protection

i assemdly were significantly different from those measured on the basic configuration

X not equipped with a windblast protection assemdly, High axtal-force (drag) and

H pitching-moment coefficients were measured, At the designed trim position of 30
degrees, the increase in magnitude of the axfal-force and pitching-soment coefficients
were approximately 60 and 150 percent, respectively, at a Mach number of 0.5. The
magnitude of the axial-force coefficient as well as the normal-force coefficient
increase with increasing Mach number up to approximately Mach 1.3 (as much as 0.4 for
the axtal-force coefficient)., Above Mach 1.3, both force coefficients remain
essentially constant with increasing Mach number. For typical open ejection seat
configurations, the maximum axial- ?crag) and normal- {1ift) force coefficients are
obtained at anglas of attack at which the largest model-projecte? ireas most closely
align with the corresponding force directions. These are ususlly sero degrees for the
axtal-force coefficient and 90 degrees for the normal-force coefficient. However, with
the CREST ejection seat configuration, the maximum axial-force coefficient occurred at
an angle of attack of -20 degrees. The drag decrease with angle of attack is largely a
result of the continual reduction in frontal area opposing the freestream velocity.

0f greater fmportance to the stadility characteristics of the CREST seat design is
the 100 percent increase in pitching-moment coefficient over the Mach number range from
0.5 to 3.0 In the vicinity of zero degrees angle of attack (Figure 6). Since a large
portion of the moment changes occur at speeds above Mach 1.5, shock w<ave formations are
a2 potential hazard. At the design trim angle of 30 degrees, however, the
pitching-moment coefficient exhibits significant decreases with incressing Mach number,
This pitching-moment characteristic means the control system inputs and propuision
:o:!? v:ry significantly depending on the initial conditions at the time of ejection
aftiation. .

The lateral/directional (yaw, yawing-moment and rolling-moment) aerodynamic
coefficients were sensitive to changes in yaw angle only slightly at low Mach numbers
and negligibly at higher Mach numbers. The coefficients increased with increasing Mach
number up to Mach 1.2, Above Mach 1,2, these coefficients generally decreassd with
increasing Mach number, The yaw and yawing-moment coefficient increased with
increasing yaw angle. The rolling moment was nearly constant with yaw angle to : :
approximately 10 degrees before increasing with further yaw angle increases, P

The head loads measured were wel) within the windblast design requirements for the
entire range of seat attitudes and Mach numbers tested, However, the forces acting on
the head of the model 1n the fore and aft directions changed considerably with angle of
attack (alpha) and Mach number. The magnitude of the force was measured to be
approximately the same a5 what would be expected if no windblast protection assembly
were added to the seat. However, the 1ine of action of the force with the windblast
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protection assembly was in the opposite direction. Pressure dats measured in the area
of the head indicate stagnation pressures behind the head dut less than stagnation
pressures on the front of the head resulting in a net forvard force. The largest
variances were measured at zero and 40 degrees angle of attack for the lower and higher
Mach numbers, respectively (Figure 7).

Serious head oscillations could occur a3 a result of these negative forces pulling
the head forward off the headrest and away from the flow-stagnation bonnet. Once the
head 1s pulled off the headrest, large positive pressures develop on the head and
halmet combination and force it back into the donnet and headrest. Once the hesd {3
back within the bonnet, the process is repeated (11},
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CREST MINDBLAST TESTS

Four windblast test series using the CREST windblast assesdly were conducted by
Boetag. The first and third series, accomplished at the Dayton T. Brown Ninddblast Test
Facility, evaluated the structural integrity of the seat and windblast assemdly and
messured the aerodynamic loads acting on the manikin‘'s nhead and neck, The second
series was accomplished using the same test articles with the F-16A forebody for
realistic flow simulation 1mpinging the crawmember and seat. The fourth serfes was
conducted at the Boeing Transonic Winddlast Generator System. These windblast tests
were conducted to demonstrate the efficacy of configuration changes to the seat
structure and winddlast assembly that were required after the first thrae test series.
A foredbody was not used for these tests.

The windblast assembly, manikin and seat that were tested varied slightly fros the
scale model tested in the wind tunnel. First, the model used in the wind tunnel was a
Malf-scale 50th percentile crewmember and ejection seat. The exterior was made of
smooth fiberglass, and clothing and flignt gear were not simulated. For the winddlast
tests at Dayton T, Srown and B30eing, a2 full-scale santkin with fitight gear was tested
in a full-scale ejection seat. The seat was complete with the instep anti-rotation
panels attached,

The tests that were conducted at Dayton T, Brown facility used a controlled release
of stored, compressed air to simulate the winddblast environment. The planned test
speeds were 400, 500, 600 and 700 XEAS. A calidration run of 350 KEAS was conducted
for instrumentation verification,

Signtficant fatlures plagued the first three series of tests and prevented any of
thes from reaching completion, Runs of 600 and 700 XEAS were made in the first series
before instrumentation difficulties and structural inadequacies stopped the tasting.
The second serfes featured the F-16A forebody section with the seat placed 1n one of
two locations, The first position tested was all the way into the cockpit; She test
velocity was 600 XKEAS, and no significant failures were observed. The second position
was placed to represent the completion of the catapult stroke, approximately &40 inches
above the previously tasted location. In this position, the manikin and seat were
fmpacted with the full blast of the 700 KEAS windstream. V)hen the condensation fog
cleared, the right and left sides of the seat bucket, including the foot anti-rotattion
panels to aft of the ejection handles, had been ripped away, Both legs were rotated 90
degrees outboard and were broken. The right leg was brokan at the knee and the left
leg was bdroken at the thigh. Testing was suspended unti) structural redestign could be
accomplished.

Five tests ware aqatn planned for the next series of tests. Low speed runs of 350,
500 and 600 KEAS would he wsed to tdeatify potential problem areas for the seat
structure and to checkout the instrumentation prior to the 700 XKEAS test. A 450 KEAS,
20 degree yaw test would be accompiished after the completion of the Aigh-speed run.
Ourtng the SO0 and the 600 (520 actual) KEAS tests, the manikin's head rotated to the
right approximately 70 to 80 degrees, and 10 degrees downward. Rotation wis more
pronounced during the $20 KEAS test., Nead rotation was not observed during the 350
KEAS calibration run, The head rotation in the Nigh-speed runs caused the head to
partially leave the flow-stagnation bdonnet. The sanikin's oxygen mask and hose were
pulled off the face of the smanikin after the head rotated. This was not odserved
during the 500 KEAS test. Because of these observations, the last two runs were not
attempted.

The final series was msore successful. Runs of §00, 700 and 450 XEAS were
completed, The 450 KEAS test was run at a2 yaw angle of 20 dagrees; venting was added
to the flow-stagnation bonnet to reduce the stagnation pressure region behtnd the head
and therebdy reduce the forward acting force on the head. The forces messured on the
Nead dering the 700 (750 actual) KEAS test are shown in Figure 8. No sdverse effects
were observed on the 450 KEAS test and theare were no structural fatlures during this
test series.

DISCYSSION ARD CONCLUSIONS

The final evidence indicates that there may be hope for the creveeaber trapped in
Gearge Smith's dilemma. Ladoratory testing, doth ia concept feastdility studies and
agplications testing, shows potential for decreasing the aerodynemic loading occurring
on the body segments of ejecting crewmembers. This should translate $ato reductions in
windblast injuries. However, this reduction may bDe undermined to an wakaowan degree by
changes in configuration or other alterations in the flowfield serrounding the
crevmenbder,

In theory, once the crewmembder's 11mbs are within the region of airflow stegration,
the large disparity detween forces ts eliminated. Reducing this in practice has beew
difftcult to accomplisn, The original model test datas show the wost effective seat
attitudes for the concept are coincident with the maximum drag attitudes of the seat,
These angles are not acceptadle for 2 flying trim position Decavse human decelerotion
tolerance would be exceeded and/or propellant requirements would be pronibitive,
Teimming the seat at mare extreme angles brings tolerance within acceptadle boundarties
but causes the stagnation areas within the fence to change such that ferces aow act teo
dislodge the 1imbs from the windblast protection assemdly. This bacame evideat during
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the CREST wind tunnel and windblast tests with 2he fore and aft force acting on the
head. The flow-stagnation concept was also sensitive to configuration. The degree of
protection and aerodynamic properties were changed significantly with changes in
configuration. Aerodynamic drag was reduced when venting holes were added to fence
design. Head loads were likewise lessened during CREST windblast tests.

The battle cry of the experimentalists is being shouted: more tests are required
for completealy successful implementation of the flow-stagnation concept, Forebody
effects have yet to be defined. These effects include nct only a flowfield that is
possibly nigher 1n magnitude byt also one that s varying in direction. Also, no
attempts have deen made to quantify the aerodynasic coefficients of the ejection seat
with the flow-stagnation fence as 1t emerges from the cockpit,

The flow-stagnation concept {s a solution to windblast protection that is
configuration dependent. If research and development ts fully supportive, then
flow-stagnetion designs should closely resemble the configurations that are planned for
eventual use. The CREST configuration was Lased on the requiresments to limit the net
forces acting on the head and to provide overall winddblast protection for tae
crewmembder., Although the design does not reflect that which was tested in the
Jaboratory, 1t appears to have met the stated requirements and remains a stmple,
passive approach to providing winddlast protection for advanced ejection seats.
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CONTROLLABLE PROPULSION FOR ESCAPE SYSTEMS CONTROL

A, Blair McDenald
Deungiss Alrcraft Company
3455 Lakeweod Beulevard
Leag Beach, Califernia 90846, USA
SUMMARY
Current escape systems for military aircraft use solid-grain rockets for propulsion. These provide a fixed level of thrust

for a fixed period of time. Since the escape system has to function over a wide range of conditions, this approach is a compro-
mise. Significant improvements in escape capability could be achieved by introducing a propulsion system in which the thrust-
time profile could be varied to suit the circumstances of each emergency. The technology now exists to introduce a fully control-
fable propuision system. Such a system would not only provide a variable thrust-time profile but would also permit the
propuision system to provide stabilization. to control the forzs applied to the crew member, and to control the escape trajec-
tory. These capabilities would allow improved system operation throughout an expanded escape eavelope. The technology
for a fully coatroilable propulsion system has already been demonstrated in a development program.

INTRODUCTION

Douglas Aircraft Company, in conjunction with TRW Inc. and McDonnell Douglas Astronautics Company, has been
working on the development of a controtlable propuision system for escape systems in military aircraft. This type of propulsion
system has very significant implications for future expansion of aircrew escape envelopes and for additional capabilities that
promise to enhance the probability of successful escape. Douglas has demonstrated the advanced technology needed to estab-
lish the feasibility of the approach.

DISCUSSION .

Current escape systems use solid-grain sustainer rockets to propel the ejected ew member away from the aircraft. These
rockets, by virtue of their design, deliver a fixed impulse every time they are used, regardless of the drcumstances of the emer-
gency. The characteristics of the sustainer rocket are therefore usually determined by the maximum impulse requirements.
Typiczlly, this would be the impulse required for tail clearance at high speed or for adequate height for the parachute to open
in an ejection at zero altitude and zero speed. In other circumstances, this impulse can either be heipful — if the aircraft is
level but sinking, close to the ground — or harmful, if the same aircraft happens to be inverted close to the ground.

In contrast, a controllable propuision system can be varied to provide the thrust-time profile which is desirable for a partic-
ular set of emergency circumstances, and it can also be used to perform a range of other tasks that enhance and expand the
capability of the system. For instance, the system might be used to stabilize the seat and crew member; control accileration,
thrust vector, and the trajectory; and shape the trajectory to avoid the ground.

The coatrollable propuision system with the potential to perform these tasks is composed of the sensor, controller, and
propuision subsystems.

Propulsion subsystem technology that is acceptable for escape systems has proven difficult to acquire. Controllable propul-
sion systems have existed for many years, a prime example being the system which enabled the Lunar Lander to make a con-
trolled descent to the surface of the moon. However, this feat was achieved using liquid propeilant rockets, which have not
been seriously considered for escape systems for safety reasons. The controllable propuision system that is fully compatible
with an escape system was made possible by the development of gelled propellants.

GELLED PROPELLANTS

Gelled propellants, as the name implies, are liquid propellants that have been transforme? into geis. In the gelled form,
these propellants retain the operational characteristics of liquid propeilants but their characteristics with regard to safety and
handling ace equal or superior 10 those of solid-grain propellants.

The gelled fuel and gelled oxidizer are vital to the operation of the controllable propulsion system because they are thixo-
tropic (i.e., solids that liquefy when a shear force is applied) and hypergolic (i.e., materials that combust spontaneously when
mixed together).

In a propulsion system, the gelled propellants are pressure-fed through valves into the combustion chamber of a rocket
engine, where they spontaneously ignite and generate thrust. These engines, like their liquid propellant counterparts, have
two operational features that make them ideal for use in 2 controllable propulsion system. First, the valves can be turned on
and off to control the fow of the prope!lants, and therefore the thrust. Second, the valves can be designed to control the flow
of the propellants and thus vary the thrust down to a small fraction of the full-flow value. Another important feature is that
the control valves can operate very rapidly. For example, the engine that has been designed and tested in the Douglas program
can be turned on, the thrust increased to 90 percent of maximum, and the engine turned off again — all in an elapsed time
of 8 milliseconds.
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PROPULSION SUBSYSTEM

The controilable propulsion subsystem basically provides thrust to propel the crew member away from the aircraft and
provides moments to coatrol seat attitude. If the subsystem can perform these two tasks simuitaneously and can be turned on
and off, thea, given sufficient thrust and impulse, it can also provide a trajectory that will clear the tail of the aircraft, avoid
other crew members, and help to avoid premacure contact with the ground; keep the forces on the crew member within selected
buman tolerance limits; provide a thrust-time profile tailored to the ejection conditions, and perhaps fulfill other requirements.
A simple schematic of a propulsion subsystem that can perform these tasks is shown in Figure 1. In this system, 2 gas peserator
forces gelled fuel and oxidizer from storage tanks to four engines. The flow of fucl and oxidizer to each engine is controlled
by vaives mounted on the individual engines. When the four engines are arranged on an ejection seat 5o that their thrust vectors
are offset from the center of gravity, as shown in Figure 2, then the overall thrust and rocatioaal moments in pitch and yaw
can be controlled simply by controlling the relative thrust of each engine. Roll moments can also be handled by skewing the
thrust vectors or by adding more engines. However, roll control is esseatial oaly for the moct ambitious requirements such

as ground avoidance.
[: GAS GENERATOR

CONTROLLABLE PROPULSION SYSTEM

The ollable propulsion sy ists of three subsy sensors. avionics, 2ad propulsion. Although the capabiti-
ties of a controllable propuision system may vary widely, they are primarily a function of the sensors and, to 2 lesser degree,
of the avioaics. [t appears that the propuilsion subsystem should operate in essentially the same manner regardiess of the overall

system design. It is therefore convenient to describe the operation of the controllable propulsion systers by reference to the
role it would play in a high-speed escape.

in an ejection, a catapult will provide the initial movement up the cockpit guiderails aad the controllable propulsion syaten
will take over following catapult separation. As the seat emerges from the cockpit and becomes 2 free body, the microproc-
exsor, 23 shown in Figure 3, will use the sensor data to generate commands (o each of the cagines. These commands are based
on computations of trajectories and forces and are selected to achieve a satisfactory traiectory using forces which are within
the appropriate human tolerance limits.

A most important factor in the computational process is seat attitude since this affects the thrust vector, the magnitude
of the acrodynamic coefficients, and the direction of the aerodynamic forces on the crew member.

Another factor is the selection of priorities. Since alt four engines are playing a part in simultanenusly controlling the total
thrust, the thrust vector, the yaw moment, and the pitch moment, the available thrust of each eagine must be allocated to the
tasks in p. oportion to their impoctance in the overall success of the escape. Our experience indicates that yaw control ussally
rates the highest priority, with pitch control a close second.

R P Bhotimnsae 4
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Figure 2.  Rocket Engine Arrangemant

AVIONICS
SENSORS (MICROPROCESSORICONTROLLER) PROPULSION
AIR PRESSURE CALCULATIONS TOTAL
TRANSDUCERS ENGINE THRUST AND
TRAJECTORY | VALVE FOTATIONAL
ACCELEROMETERS COMMANDS MOMENTS
HUMAN
GYROS TOLERANCE

Figure 3. Scherwstic of Controllable Propuision System

In an ejection st very high speed, the aerodynamic forces are also very high, and angular motion of the seat must be con-
mumimummq&mmmmwgmwmmpmm
be short enough to maintain stability without violent cecillations. In the sy we have developed, the engi ds are
updsted every 10 milliseconds.

There are two ways in which the engine can be designed to respond to a thrust command. For example, if, for one of the
10-millisecond control periods, the microprocessor requires an engine {0 produce half of its full thrust, the engine could either
be turned on full thrust for 5 milliscconds or be throttied at hatf thrust for 10 milliseconds. The engine design we hzve demon-

strated uses the oe-off approach.
'IheopendoudhconuolhblepropulsionsyneminmuapeatswkeasisilhmnledinFigumhhrough6.Figure4
shows a seq of engine thrust cc ds together with the actual thrust profile for one engine over a 120-millisecond

period. The performance of the system relative to the selected human tolerance limits is illustrated in Figure 5. The risk levels
shown on this plot are approximations of the levels derived from Brinkley.*

Anejecﬁonﬁomanaimﬁusmkeuiwomideredtﬂﬁghri&'simationmdmerefored\eplotindiamdmmem
imposedonthemmembumndshaoﬁlybelowthehnﬁtduﬁngdﬁspedod

Figure 6 shows the seat trajectory refative to the aircraft and illustrates the changing engine thrust levels.
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CONTROLLABLE PROPULSION — GROWTH CAPABILITIES

A eommllabie pmpu!son system will permit the escape system to provide capabilities that are difficult to achicve with
L y The most important of these are “upward seeking™ and “threat assessment” features. Boch
of these conwpu have significant implications for future escape systems.

Upward Seeking

With upward sceking features, the controllable propulsion system is used to achieve a trajectory in which the seat and
occupant are steered upward 30 that they are away from the ground. In order to execute an upward seeking, or ground avoid-
ance, maneuver, the propulsion controller nceds to know in which direction the ground lies. Also, if this capability is reserved
for use when the ground is so near that it could be life-threatening, then the controller will need to know how far sway the
ground is and whether or not the seat is traveling toward it. Although some of this information may be difficult to acquire,
nope of the problems appear to be insurmountable.

Tbeueo(d:epropulsonsystcmtorevenethcdownwudmooonaftheseathathepotewaluiﬂmzedmﬁgm7
of achieving dra impr in performance under high-sink-rate or dive conditions.
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Figure 7. Performance Comparison At 300 KEAS 30-Degree Dive

Although an upward seeking system could be effective throughout the speed range, the impulse required to reverse the
direction of motion becomes prohibitive at high downward speeds. However, as most low-altitude escapes are in the low-speed
portion of the envelope, the upward seeking approach couid significantly reduce the number of unsuccessful “out-of-the-enve-
lope™ escapes.

Threst Assessment

In current escape systems, the acceleration forces on the crew member are allowed to be relatively high because this may
save his life. However, they must not be so high that they produce an unacceptable incidence of ejection injuries In & system
with a “threat assessment” capability, the system would use sensors to provide information on the magnitude of the threat to
the crew member’s life. Once this has been established, the system wouid control the forces imposed on the crew member,
including the propulsion forces, in relation to the threat.

rate and a reck

A threat assessment capability therefore has the potential for achieving both an increase in the
in the incidence of unwarranted ejecton injuries.

Huﬁ‘ﬁxwm.w,,w.,m*,“ .
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STATUS

In the Douglss controllable propalsion program, a demonstration propulsion subsystem has been designed and tested.
Thig effort included development testing of the gas generator and gel propellant engines. The component tests were followed
by the succenful test firing of a complete propulsion subsystem in which four engines performed a high-speed ejection duty
oycle.

OTHER ESCAPE SYSTEM APPLICATIONS

In the preceding text, the controllable propulsion system has been linked to “escape systema.” Although only ejection seats
were speciSically identified, it is apparent that capsule escape systems would also benefit from the use of a controliable propul-
sion system. Also, a controllable propulsion system in a capsule would provide the option of reactivating the propulsion system
to reduce the forces associated with ground impact. '

CONCLUSIONS .

Development of the key rocket propellant and engine technology should enable a controliable propulsion system to be
introduced to replace solid-grain systems in future escape systems. This development could result in a major improvement in
future escape system capability at high speeds, and at low altitudes, and in a reduced probability of ejection injuries throughout
the entire escape cavelope.

P
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EXIGENCES DU SCAPHANDRE DE PROTECTICN DE !
. L'BQUIPAGE D'HERMES ) ‘ S |

© L. Simionesco - C, Pagot

Avions Marcel Dassault - Breguet Aviation ’ ’ ’ :
78, quai Marcel Dassault - 92214 Saint-Cloud - FRANCE ) :
t

Dans sa coafiguration aotuells, l'avion spatial BERMZS est équipé d'une capsule
éjmctable pressurisée destinée A assurer la sauvegarde de i'équipage au cours des pha--
ses oritiques du lancesent et de la rentrée atmosphérique. Capable d'opérer dans un do-
saine trds vaste (Jjusqu'd M 3 7, Z = 60 km) imposé par les perfor du 2 s la
capsule procure i l'équipage de 3 apationautes les protections physiologiques néces-
saires depuis l'éjecticn jusqu'i l'attarrissage ou l'amerrissage. Cependant, la perte
de pressurisation accidentelle de la cabine d'HERMES reste un évdnement redouté qui ne
peut $tre éoarté, ce qui impose i 1'équipage le port préventif de scaphandres ds protec-
tica individuells. duitss de l'analyse des missions et des événements redoutds, les
fonotions du scapbandre sont déorites et justifiées par les iimitations physiologiques
qu'elles compensent et par les contraintes opérationnelles rencontrées. Reste l’inté-
gratiocn du systdme scaphandre dans l'avion spatial : cela soncerns ausai bien l'inté-
gration physique aves la détermination des interfaces que l'insertion des procédures
d'utilisation dans les scénarios de mission nominaux et de sacours.

INTRODUCTION

Les informations contenues dans cet article sont issues d'une étude réalisée pour
le compte de l'Agence Spatiale Europdenne aveo la coilaboration de la soaiété DORMIER,
et d'une étude préliminaire effectude pour la CNES. . f

Dans sa définition actuelle, l'avion spatial HERMES, 2is en orbite par le lanceur
ARIANE 5, a pour principale mission d'emmener un équipaga d= 3 spationautes, de s'accos-
ter & un module orbital pour en effectuer la desserte puls d'exécuter une rentrée atmos-
phérique non propulsée terminée par un stterrissage horizontal. Bien que la phase
d'étude, sctusllement en cours, conduise i un grand nomdre ie configurations potentiel-
les, les éléments déiterminants pour la sécurité et la sauvsgarde de l'équipage sont i

peu prds connus, puisque détarminés par les performances cu lanceur, les trajectoires e e

de lancement et de rentrée. L'analyse des risques encourus au cours des phases atmosphé-
riques a permis de conclure i la nécassité d'un systame de sauvetage, comme en disposent
d'ailleurs les programmes analogues, et ce particulidrement depuis l'accident de Chal-
lenger.

Pour &tre efficace, le systdme de sauvetags doit couvrir un domaine de vol suffi-
sant, tout en garantissant sa crédibilité, et ceci dans ur contexts de irés fortes con-
traintes sur les masses. Le compromis retenu & ce jour consiste & couvrir la totalité de
la phase la plus critique : la périocde de fonotionnement des propulseurs i poudre au
cours du lancement. Pour y parvenir la solution ambjtieuse d'une cabine éjectable pres-
surisée a été choisie pour ltavion de référence malgré un évident handicap de masse.
Ceol représente un défl technologique majeur en raison de l'étendue du domaine d'éjec~
tion (M =7, 2 = 60 km).

Etant donné que la perte de pressurisation accidentells de la cabine est un événe-
ment catastrophique qui ne pesut &tre rejeté, survenant notazment au cours de la séquence
d'éjeation, 1a survie de l'équipage passe par une protsction physioclogique individuelle
assurant le maintien de la pression et la fourniture d'atmosphére respirable : d'od un
scaphandre congu comme un aquipement de secours ultime. Dans la recherche d'un autre
compronis masse/domaine de sauvetage, d'autres démarches visent un gain de masse ays-
téme en répartissant les fonotions de sauvetage entre un scaphandre d'une part pour tou-
tes les fonctions de support~vie et un aystdme allégé d'autre part pour les seules fonc-
tions d'éjection.

Le rt d'un scaphandre de protection individuelle s'impose dona, soit dans la
capsule éjectable de référence dont il contribue & asseoir la orédibilité, soit dans un
systéme d'éjection allégé dont 11 constitue un élément vital. .

Compte tenu des circonstances et du domaine d'éjection considérés, le scaphandre
doit #tre porté préventivement par l'équipags de maniére i &tre instantanément opéra-
tionnel en cas de nécessité. Alnsi donc, aux fonoctions de survie dimensionnéea par les
conditions de ssecours viennent s'ajouter des fonotions doat le but est d'autoriser )
1'usage du scaphandre dans des conditions de vol nominales tout en minimisant les con-
traintes d'intégration dans le poste de pilotage. Les exigences fondamentalea du sca-
pbandre sont exprimées en termes de fonotions de contrdle d'enviro e pport- :
vie, d'ergonomie, d'information et communications. Egalement liées au port systématique
du scaphandre lors des phases critiques, certaines fonctlons, dites intégrées, sont
mentionnées d'une part i cause de la simultandité de leur ndocessité avec celle du 3ca-
phandre, d'autre part parce que le scaphandre constitue un support d'intégration judi-
i oleux,
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Enfin, les contraintes d'intégration spéoifiques a l'aviocan spatial HERMES, sont
considérées comme préalables aux choix de solutions techniques capadles d'assurer les
fonotions mentionnées plus haut. Ces contraintes sont de deux ordres, les interfaces
avec 1'aviocn et les procédures d'usilisation. Ld encore un compromis est i trouver, pro-
pre & chaque sonfiguration da véhiocule et profil de misaion, entre la part d’interven~
ticn humaine, de procédures, et la part d'actions automatiques réalisées par le systime
scaphandre et ses interfaces aveo le véhiocule.

CONFIGURATION D'HERMES

Desoription générale

fn dépit de différences entre configurations possidbles dont la figure 1 fllustre
un exemple, l’avion spatial HERMES comprend trois volumes pressurisés coamuns aux di-
verses versioas.

- La_ocapsule_éjeatable constitue le poste de pilotage 4'HERMES od les trois membres
d'$qulpage sont installés lors des phases de lancement et de reatrée. L'aménagement gé-
néral de la ospsule est présentéd sur la figure 2 (Réf.2). 11 ocomprend les trols sidges,
les commandes de pilotage d'HERMES, des équipements de support-vis at d'avionique et
tous les équipements 11és & la sauvegarde de 1'équipage. La oapeule permet aprés éjeo-
tion d'assurer une déoélération avant 1'impaat, les fonctions de protection et d'atté-
nuation des choos, la survie pendant 24 h, la flottabilité, la signalisation radio et
les communioatiocns.

- Le_volume central est cosposé du volume destiné i la charge utile et du volume vie ol
sont situés les différents composants du systdme de support-vie et de contrdle de 1'en-
vironnement (BCLSS) ainsi que des équipements d'avionique.

- Lo_sas sert i 1'accés & une station apatiale lorsque HERMES est accosté et aux sorties
dans 17espace. Lorsqu’ils ne sont pas utilisés, les scaphandres de sortie extra-véhi-
culaires (EVA) y sont stockés.

Les aommunications entre les volumes presaurisés s'effectuent par des passages étroits
(diamdtre 800 mm) pouvant #tre obturés afin de les isoler. L'accds & HERMES pour le
lancement et l'évacuation au sol sont prévus au nivesu du poste de pllotage par une
ouverture de 800 mn de diamdtre.

Pigure 1 ; Bxeaple de configuration d'HERMES FPigure 2 : Anénagsment général de la capsule

Fourniture d'atmosphére/contrSle des pressions et conditionnement de 1'atmosphérse

La fourniture d'atmosphdre et le contrdle des pressions ainsi que le conditioanne-
sent de l’atmosphére font partie de 1'ECLSS. Ils assurent le maintien dana HERMES d'une
amdlance respirable ot climatisée similaire aux conditions terrestres : pression totals
de 1013 hPa, taux d'oxygdne de 21 %, température de 20 i 30°C, humidité relative de %0 i
60 $. Les principales fonctions sont données ci-aprés.

Le sous-systdme de fourniture d'atmoaplLdre et de contrdle des pressions permet la
fourniture d‘oxygéne et d'azote pour compenser la consommation métaboligue d’oxygéne de
1'équipage et les pertes d'atmosphére (fuites structurales, opérations du sas), il as-
sure la régulation des preasions totale et vartielle d'oxygéne, L'alimentation en oxy-
géne des équipements individuels est prévue. En cas de necesaité, les volumes presau~
risés 4'HERMES peuvant étre dépressurisés et/ou repressurisés. Bn cas de perforation de
la cabdine ou défaillance d'un joint, une provision d'cxygdne et d’azote autorise une
pressurisation de seocurs & 70C hPx (compensation pencant 6 heurss d'une fuite par un
trou de diaddtre équivalent i 4 om).

Le sous-systims de ocondi{tionnement de l'ataosphire permet le maintien d’une am-
dbiance du type Ybras de chemise”, Ses principales fonctions sont la régulation de la
température et contrdle de 1'humidité, la ventilation et circulatios de l'air, la régé-
nération de 1l'atmosphdre (élimination de CO2, de CO, des contaminsnts, des poussidres,
des débris et fes odeurs), Du falt de la ventilation, une contasmination de 1l'un des
volumes d'HERMES se propagerait dans toute la zone pressurisée d'HEIMES. Le retour i des
oonditions saines exigerait donc une purge cowpldte du véhicule par dépreasurisation
suivie d'une repressurisation par du gaz propre.




ANALYSE DES MISSIONS

«~ Préparation au lancement - -
~ Lancement : fonctionnement des propulseurs i poudre jusqu'd ¢t = 120 s -
: o propulsion par 1l'étage oryogénique seul jusqu’d t = 600 =

|

‘ Une mission type d'HERMES se d‘oolpo-d eu ¥ phases prinaipales i
i

|

insertion en orbite

- Phase orbitale
- Rentrée
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.'

; 1 vol atrosphérique (durée 3 35 minutes)
i approuhe finale et atterrissags (durde : 5 minutss)

! HERMES assure la séourité de l'équipage grice i la protection combinée de l'avion
spatial lui-mdme, de la capsule et des redondances de 1'ECLSS. Les aesures prises pour
1la sauvegarde de 1'équipage - mesurea préventives, interruption de la mission, rentrée
de secours st/ou éjection de la capsule - st les conditions opératoires associées pour
faire face aux événements redoutés durant les différentes phases de la mission sont ras-
semblées dans les tableaux 1 & 4, Une décompression de la ocadine d'HERMES peut étre
temporairement compensée par 1'ECLSS, selon l'importance de la fuite. :

TVEMEMENTS REDOUTES POSSIBIULITES DEVACUATION AVANT LE CONDITIONS ASSOCHES
LANCEMINT

A ites de fo nt 3 ' o si ia permet un Ambi ¢ ¢

incendie, foudroiement, expio- | temps de réaction long

sion Températures exirémes : bouis de feu

Toboggan (ou dquivaient), équipage sauf en 90 3
Ejection de la capsuie si i sauvetsge de Afterrissage de ia capauie dens un périmdtre de
Féquioage ‘mp une rbactio dd 144m
Tableau 1
PHASES POSSIBILITES D€ SAUVETAGE LORS OU CONDITIONS ASSOCEES
LANCEMENT

Proputsion par propuiseurs 4 Ejection de la capsule. La décision o jecth *  Atterriassge dane un périmétre de 1 km ou . f

re instantande pourra #tre prise & I'insu de plus autour du pas de tir

t<120s 1'équipage Contamination éventueile

M<7 . 4 proximité des cOtes

Altitude < 80 ikm guyanaises.

Récupé de I'éguipage (influ~
nce des tdnditions métdoroiogiquaes st de
tétat de |2 mer)

Apris séparation des o Séparation de "avion spatial et dy lanceur Facteur de charge (jusque 5,2 9)

propuissurs & poudre puis stadilisstion da HERMES. dans 'océan Atlantique.

1203 <t<80s *  Ejection de |2 czpsu'a aprés relour dans le Récypération de I'équipage dans les 24 heures
domzine d'éjection (opdrations { des étéd oG ot de
par "équipsge, avec support dy sol). 'dtat de ia men

Insertion en orbite e Séparstion de 'avicn spatial et du lanceur. | Amerrissage de la capsuie dans 'Océdan
Vol vers un site tramsatiantique et/ou Atlantique (voir ci-dessus).
djection de in capsuie apris retour dans
domaine

e S altitude et vitesse suMisaning : insertion
on orbite, puis rentrée vers un terrain de
secours (opérations conndides par
r'équipage avec support du sol).

Tableau 2

EVENEMENTS REDCUTES

MESURES DE SAUVEGARDE ENVISAGEABLES EN ORB{TE

Coutamination de la cabine
Fou .

Utiiisation des exti

s st/ou purge

ire puis repressurisstion de
t At bie des voi-

out e

Lap 9
umes pressurisds sera indvitabie du fait de i’efficacitd de la ventilation.
(Mise on ceuvre rapide d’une protaction respiratoire)

atior d‘une

Dépressurisation accidentelle de la cabine (défailiance
d’un joint, perforation par dédris ou micrométéorite).

3 4 8 hayres.

Compensation par 'ECLSS et rentrde d’urgence dans yn délal maximai de

Le temps de rdaction de I'équipage dépend de I'imporiance de la fulte

Rentrée apris Mach 7
Phase finsie ot atterrissage

D d'un ystéme (panne doudle ou tripie). | Rentrée d’urgence dans un délai maximal de 3 4 § heures.
Erupton solaire Catte protection n'est pas dy ressort d’un dquipement individuet.
Tableau 3
PHASES POSSIBILITES DE SAUVETAGE LORS DE LA CONDITIONS ASSOCIEES
REMTREE
Désorbitation Aucune en cas de perte de controie de HERMES
Rentrée jusque Mash 7
S4parstion de ls capsule Afterrissage ou

amerrissage
Récupération de ¥ équipage dans tes 24 heurss
;4 des oo \ Vo

météorolog

ds I'état da |3 meri.

Tabieau 4
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Kalgré llvzrotooeion apportée par HERMNES, 1la capsule et les redondances de '
1'ECLSS, 11 s'avére que des situations dangereuses pour la vie de 1'équipage ne peuvent :
8tre écartées (voir tadleau 5). Les trois premidres situaticas citées dans ce tadblesu
conduisant A la perte de la pression totals exigent la présence & bord d'HERM'S d'un

, soaphandre.

PERTE D€ LA PAEBSION TOTALE

! & Do ie capeule durant son Slection

f ¢ De ia cabine de fecon sccs durant be & i, la rentrée ou en orbite
s O v par parge » agrés une stion ou un ey

CONTAMIMATION DE L'ATMOSPHERE

i o Au ol lors Tune dvacustion dy pes de tir ’
¢ Dwant/sprie un fou, wne ébialliance syent  un dégegement de on cabine ou was uifiisetica messive
$os adincieurs

FACTEUR DE CHARGE / READAPTATION CARDIOVASCULAIRE

o Duraat une séparslion €' wgence ¢HERMES et du lenceur
¢ Evecustion ¢’ wgence aprés I'atiarriesage of LN sdiour e orbite

RECUPERATION OF LEQUIPAGE ET SAUVETAGE EN MER
@ Aprés djection de la capeule

Tablesu § : Situstions dangeresuses pour ia vie de I'équipege

L'orientation possidle du systése de sauvetage d'HERMES vers des systimes ouverts,
ou partiellement encapsulés, rend plus i{ndispensadle enoore la protection de 1'équipage
par un scaphandre (Réf.3, hs. La parte de pression est potentielle lors de 1'éjection de
la oapsule, elle ast une caractéristique du systdme lors du sauvetage par sidge éjecta-
ble ouvert. Des contraintes supplémentaires sont également introduites par ce type de
systdme d'éjection. Ce sont les contraintes usuelles d'éjection quil nécessitent la pro-
tection contre l'effet de souffle, les chocs, 1'immersion dana 1'eau ainsi qu'un dispo-
sitif de flottadilité individuel, la protection thermique nécessaire pour les éjections
i grande vitesse pouvant &tre réalisée au niveau du sidge (bouolisr thermique).

LIMITATIONS PHYSIOLOGIQURS - FONCTIOMS DU SCAPHANDRE

; Outre les fouctions de bases, des fonctions qualifides d'intégrées peuvent dtre
. assurées par le scaphandre avec le souci de réaliser un équipement de protection simple,
léger, complet et d'emploi aisé. 3ont rassemblées sous le terse de fonctions intégrées,
les fonctions de protection liées aux opérations d'HERMES ou induites par le port du
scaphandre et les contraintes d'interfsces avec HERMES, L’ensemble des fonotions 3 as-
surer par le scaphandre est présentéd dans le tableau 6. L'analyse des exigences ssao-
cides & ces fonotions est résumde ci-apriés.

CIRCONETANCES PONCTIONS REQUISES
Perte de pression de is capsule lors de ta séperation FONCTIONS DE PROTECTION DE BASE
Fulte ¢e 13 cadine cu perforstion
Contarnination de 18 cabine cu feu Maeintien de la pression Wisle
Evacustion du pes de tir en amblance contaminde Fourniture o’ une atmosphére respiraiie
FONCTIONS INTEGREES

Lors du port du scaohendre Controle thermique
Lors du port du scaphandre
Fulte de la cabine ou contaminstion en ortits Habillage/deshadillage en ortite
Lors du port du scaphandre Vision
Séparstion de secours entre ie [anceur et I'svion spetisl Pratection ant-g
Ré » aprin I Protection
Lors du port du scaphandre Informnation st communications

ot rentrée ASbersation du brult
Lors du port du scaphenare Coltects de Furine
Lors du port du scaphandre de
Survie pendant 24 heures - 8 tage en mer Aide & la survie - Flottadilité - Harnais

S1 1'on considére seulement le r(szue de perte de pression de la capsule lors de :
son §jection de l'avion spatial, la duréde pendant laquelle le scaphandre doit assurer :
les fonctions de base est relativement courte (de 1'ordre de 1L minutes). La protection
offerte par un vitement A contre-pression par veasis pressurlsée (u:pol‘ *partial pres-
sure suit®) serait alors suffisante pour ces durées. En revanche, 1a suite d'une dé-
; pressurisation de la cabine non compensable totalement par 1'ECLSS, la protection of~
. ferte par un tel équipement n'est pas compatible avec la duréde requise pour le retour
H sur Terre (de 3 & 6 heures). Un scaphandre i pression totale ("full pressure suit®) est
: dono néoceasaire pour couvrir ce cas.

L'ambiance d'HERMES étant & une pression de 1013 hPa et composée d'une atmosphire
comprenant 79 § d'azote, des risques d'aérosabolisme apparsissent lorsque 1'ECLSS n'est
plus en mesure d'assurer une presaion totals suffisante.
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La pression minimale du scaphandre as-
surant la protection contre l'aéroembolisae [ I I i
est définie par le facteur R, défini par le 00 Procshn cablos ifinks = 003 Wy {794 My, 2 Oq} L
rapport de la pression partiells d'azote dana ., R = Posis parkes s Gam e oes
les tissus avant la décompression i la pres- \\ el diconpredian | poadi scophantie {10 0 29w }
sion du scaphandre (oxygene pur). Pour les — ’9F N
opérations d'activité extravéniculaire en £ L\_ =
soaphandre, la NASA coosidére que R =z 1,22 < 00 .
constitue une valsur sfire, R = 7.4 est 1la 1li- N N
mite pour les conditions nominales et R = 1.8 h"'\\k‘\\N ~.
est envissgeable pour des opérations d'urgen- 800 B, ‘\\\~“~\\‘ \*\_
ce pour une durée inférieurs i 30 minutes, Des \‘- L it Ko P9
valeurs de R supérieures i 2 sont supportées ¥ 400 oot >nrd By
par les pllotes d'avions de combat sans symp- .i ‘~.b..‘~.‘ i+ Ak T
témes graves. L'utilisation d'un scaphandre 2’” ‘~.?E~;_L~-L il S
de protsotion dans HERMES représente une si- AT SO e,
tuation intermdédiaire entre le cas de 1'EVA et "~-§-_:;,'
oelui du pilote d'avion de comdat tant du 00— =
point de vue de la durde que du travail physi- a WA o latben Sombet
que. Un facteur R de 1.8 peut dono étre envi- 100 ] | === Sivupabbn dus owtes
sagé pour la protection de secours de l'égqui- mone ik s sowioe 22 o LA
page d'HERMES. Du fait du caractdre imprévu | | T 1
des décompressions de la capsule ou des la ca- ' 2 s . s "
bdine, la dénitrogénation qui permettrait de ‘Dénktrogbaction | hewre )
réduire les risques d'aéroembolisame n'sat pas
possible. Figure 8 : risques d'aéroembolisme

La figure ¥ donne, statistiquement, les risques d'apparition des symptdmes d'aéro-
embolisme corrélés au facteur R, en fonction de la pression régnant dans le scaphandre
(oxygéne pur) et de la durée de la dénitrogénation. Pour l'application & la sauvegarde
de 1'équipage d'HERMES, ceoi conduit aves R =z 1.8 et sans dénitrogénation i une pression
minimale dans le socaphandre de 350 hPa.

' En cas de décompression de la cablne ou de 1a capsule, une atmosphére respiradle
doit également dtre maintenue dans le scaphandre. La figure 5 schématise 1l'évolution
des conditions respiratoires lors d'une décomprsssion i partir de 1013 nPa (21 § d'oxy-
gine) ot la transition vers l'atmoaphdre d'oxygéne pur du scaphandre pour éviter 1'hy-
poxie. Ainsi, l'alimentation en oxygine pur du scaphandre prend automatiquesent le re-
lais de l'alimentation en air de la cabine dés que la pression de la cabine chute en-
deca de 650 hPa, cette valeur n'étant acceptadle que de fagon transitoirs, quelgues ai-
nutes, au plus. La pression partielle de C02 dans le ascaphandre doit étre limitée @
10 hPa en conditions normales et 20 hPa en conditions dégradées.

De plus, l'alimentation du acaphandre permet. la fourniture d'un gaz respirabdle
lorsque l'ambiance cabine est contaminée ou lorsque la :reasion Particllo d'oxygéne est
trop basse. Ce dernier oas peut étre géré par des procédures grace i une alarme donnée
par 1'ECLSS (en fonction des pressions totsle et partielle d'oxygéne).

OXYGENE PN
QANS LE
SCAPHANDNE

Lol de pression
Tetonue
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I .+ -~y o T SO
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jement lo mangee 4'02
v conpamas
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misnies
Critic! crolsante
ot pecte do conscience

Pigure 5 : Evolution des oonditions respirstoirss lors d'une décompression de la cabine
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tions intégrées
Contrdle_thermique

Le port du scsphandre impose A l'équipage une contrainte thermique accrus. Afin
d'assurer le coafort thermique et le maintien des performances des spationautes, une
olimatisstion est nécessaire. Les options concernant cetts réfrigération dépendent de
1'activité métadolique de 1'équipage, de la durde considérée et du niveau de confort
thermique requis.

Durant les phases noainales du lancement ou de la rentrée (équipage assls, sotivi«
té métadolique inférieure A 180 W) un contrdle thersique efficace «st nécessatirs,
otest-d-dire que l'évacuation de chaleur ne doit pas entralner une transpiration ispor-
tante (évaporation outande de l'ordre de 50 4 200 g/h).

On contrdle thermique moins performant est acceptadle pour des conditicnl de se-
ocours telles que le retour d'urgence aprds une dépressurisation de 1la cabine ou une
gontamination (durée de 3 A 6§ heures, activité métadolique inférieure & 180 W) ainsi que
1a purge de la cabine. Dans ces nas, l'évacuation de la chaleur sétadolique repose sur
une évaporation cutande importante (lup‘riouro 4 200 g/h). Le bdilan thermique est néan-
soins dquilidré.

Un contrfle thermique minimal est envisageadle pour la descents de la capsule
aprids aéparation, phase de courte durée - 10 minutes - pendant laquells l'équipage n's
qu'un rdle passif - activité métabolique de l'ordre de 105 W. Ce type de contrdle ther-
aique impliquant un atodkage thermique pendant une durée limitée est également possidle
lors des déplacements de 1'équipage dans la cabine ou lors de 1'évacuation du pss de tir
(aotivité métadbolique Jusqu" 350 W, durde inférieure & 30 minutes).

Le coatr8le thermique par ventilation perset de couvrir ces différents cas. Les
caractéristiques de la venfilation du scaphandre sont résumées dans le tableau 7. Le
refrojidissement par boucle liquide n'est pas indispensadle ; il induirait un accrois-
sement de 1a masse du scaphandre, une interface supplémentaire avec HERMES <t augmen-
terait la durée de 1'habillage (voir paragraphe "interfaces et procédures®).

Natre du cdatrele wmnm- Caotrdle Sermiae scartehis | Caniéie Ducminee aidmel

[ mitehothyue < 190 W | Actvish sitabudique < 139 W [

Carncatrintiques du gue &0 ke Trasay Imperta’e Tramepiralion Wnperinnts

vanistion | Pas do stectage harminwe Pas de slackage Sarmigee Swctage Darmige

Natwre Alr 4 1013 hPu Oxygéne & 450 hPa Oxygéne, 430 & 101 hs

Tempirature 0 4 30°C A définic A Odftnir

Maniiitd DA% % 0%

Odbit 208309/ 084130 028

(wssure jes bessins
reepirsioires minimaux ot le
dédsembuage de La vigidre).
Tabiesu 7 : Contrdle thermique du scaphandre
Srgonoais

Le port du scaphandre durant le lancement et la rentrée doit étre compatible avec
les tlches nominales de 1'équipage et donc présenter des contraintes ergonomiques aini-
males. Cela signifie qus la position assise en scaphandre doit étre coafortabdle, que les
contraintes de mobilité et de daxtérité ainsi que les limitations du champ visuel intro-
duites par le scaphandre doiven: étre compatibles avec le pi{lotage d'HERMES, Le sca-
phandre doit présenter également un encombrement minimal afin de faciliter les opéra-
tions d4'évacuation d'urgence au sol et la mobilité en ordite, De plus, les coatraintes
de masse de la capsule et d'HERMES f{mposent que lea scaphandre ait une masse aussi rédui-
te que possible. L'ensemble de ces considérations ne peut &tre cohérent qu'avec un sca-
phandre souple. Les exigences anncernant les aspects aergonomiques d'un tel soapbandre
dans HERMES sont détaillées ci-aprids.

Les limitations de modilité sont maximales lorsque le scaphandre est pressurisé.
Afin de minimiser les contraintes, le scaphandre est pressurisé & une pression de fonc-
tionnement minimale aompatible avec la proteation contre l'aéroembolisme, c'est-i-dire
A50 hPa. Un niveau de preasion plus faible, de l'ordre de 2,0 hPa peut &tre envisagé
pour une durée limitée (15 mn) pour effectuer des tiches 1llées i la sécurité exigesnt
une mobilité et une dextérité accrues.

Lorsque 1l'équipage est assis dans le poste de pilotage, les opérations en relation
aveo ls sauvegarde de l'équipage ou le pilotage d'HERMES exigent que @

. La position neutre du scaphandre pressurisé soit la position assise pour évite. -u
spationaute un effort permanent de maintien en positioca.

. La mobllité permise par lea articulations des bras et des épaulss du scaphandre per-
mette une snveloppe d'atteinte compatible avec l'aménagement des des dens le
cockpit A'HERMES, ainsl qu'aveo les cosmandes du scephandre lui-mdme.
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. La dextérité offerte par l'association gant-commande soit suffisante pour le contrdle
d'HERMES ou du scaphandre.

Des eossais du scaphandre de secours soviétique de Soyous ont été réalisés dans une
naquette d'HERMES et ont montré la validité du concept de scaphandre souple. Les con~
traintes introduites par les déplacements de 1'équipage en scaphandre dans 1la cabine
sont trés lides aux procédures envisagées (somphandre preassurisé ou non - voir para-
graphe "interfaces at procédures”). Néanmoins, cela implique de prévoir pour l'aménage-
ment d'HERME3 une taille suffisantes des passages dans HERMES ou entrs les sidges, des
issues et d'installer des aides i la mobilité pour faciliter 1l'évacuation au sol.

Yisib1lité

I1 est impératif que 1'équipage en scaphandre puiase avoir une visidbilité correc-
te, c'est-d-dire ure bonne qualité de vision au travers de la visidre et un chasp visuel
ldzqunt. Le champ visuel minimal requis pour la visibilité des commandes, des ccnne-
xions du scaphandre et des hublots étant de + 15° vers le haut, - 70° vers le bas et
+ 90 ¢ sur les o8tés, les mouvesents de tdte s'avdrent nécessaires. Cecl est réalisadble
s0it par la possidbilité de rotation du casque par rapport au scaphandre, soit par souve-
ment de la tdte au sein d'un casque intégré au scaphandre. La position du ;ilote, donnée
par l'ensemble sidge/sangles de sidge/scaphandrs pressurisé ou non doit asesurer une po-
ajtion de 1'0eil adéquats. :

Une protection anti-g est requise lors de la séparation d'urgence de l'avion spa-
tial et du lanceur, l'équipage ayant un rdle actif Jouer pour le retour sur Terre.
Lors de 1'étadblissement du profil d'sccélération + Gz le plus contraignant, la mise en
accélération eat relativement rfaible, de l'ordre de 0,2 Gz/s. Une valeur maximale de
5,2 Gz est attendue ;3 l'équipage devra supporter une accélération supérieure & 3 Gz du-
rant 30 s dont 15 8 au~dessus de 5 Gz. Afin de maintenir les performances de l'équipage
dans cetts phase, la protection par vessies anti-g intégrées au scaphandre et 1'exécu-
tion de manceuvres respiratoires sont envisagées.

La réduction du volume sanguin en orbite et sa redistribution vers les parties bas-
ses du corps sous l'effet de la gravité durant la rentrée entrafnent des difficultés
pour l'équipage & conserver la position debout et une capacité réduite & supporter les
accélérations + Gz. La pressurisation des vessies anti-g durant st aprés la rentrée per-
met d'dviter 1'afflux sanguin vers les jsmbes. Le faible niveau d'accélération lors de
la rentrée (inférisur & 2 Gz) n'introduit pas de prodlime physiologique particulier.

La protsction contre les chocs durant le lancement, la séparation, la duscente et
1'atterrissags de la capsule nécessitent une position corrects de 1'équipage : dos,
épaule et tdte contre le aldge. Le maintien dans cette position est obtenu par l'ensem-
ble siage/sangles de sié;e:/appul-tite et accoudoirs qui doit rester compatidle avec le
pilotage d'RERMES, De meme le harnais de siage doit &tre compatible avec le port du
scaphandre, pressurisé ou ncn, La protection de la téte des spationautes dans la capsule
ne requiert pas de casque dur. Le acaphandre peut donc 8tre équipé d'un heaume souple.

Information et _communications

Les fonctions d'information et de communications doivent permettre les communica-
tions entrs l'équipage et le sol et antre les spationautes en scaphandre ainsi que la
surveillance des paramétres de fonctionnement du scaphandre, des données diomédicales
et 1'émission d'alarmes. La réception d'alarmes provenant de 1'ECLSS et la transmission
4 1'équipage doivent également &tre assurdes. Néanmoins, le maintien de la pression to-
tale st la fourniture u'atmosphére respiradle qui assurent la survie du spationsucy ne
dépendent pas des fonctlons d'information et de communicatioas.

Lorsque ls scaphandre est porté préventivement, la transmission d'informations i
l1équipage permet d'améliorer ses performences et son confort pour l'exécution de la
sission, la survelllance de 1a mise an cesuvre du scaphandre (connexions correctes, fer-
meturs de la visiére) et les procédures de tesat avant le lancement ou la rentrée,

La survis de 1l'équipage aprds éjection et atterrissage ou amerrissage de la cap-
sule doit &tre assurée pendant au moina 24 heures. Les fonctions suivantes doivent &tre
assurées i
. Pourniture d'atmosphére : assurée par la capsule (ventilation par de l'air uxté-
rieur). La continuité de la fourniture respiratoire entre ls scaphandre et l'ambiance
de la capsule dolt &tre assurés,

. Communjcations, localisation : asaurées par la capsule

. Nourriture, bolsson, trousse de secours : stockage dans la capsule

. Sauvetage en mer : récupération de toute la capsule ou récupération individualle, cet-
te dernidra solutior exigeant une flottabilité individuelle et un harnais de hissage
individuel. La premiére solution serait préférable,

[P OTREE—
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INTERFACES BT PROCEDURES

Les difficultés essentielles {nduites par 1'utilisation de scaphandres pressurisés
sont 1 leur intégration dans un poste de pllotage aux dimensisns réduires, leur utilfi-
sation dans les volumes confinds d'HRRMES, leur compatibdilité aves des conditions d'en~
vironoement tres diverses et leur insertion dans des opérations déjid compliquées par
sillsurs. Sous résarve de remettre en cause la validité méme du concept de acaphandre
pressurisé, 11 est indispensable de définir des {nterfaces simsples et des procédures
d'utilisation réalistes dés la phase d'établissesent des exigences.

Afin de maintenir ces probldmes d'intégration A un nivesu acoeptadble, le choix s
été fait de limiter le domaine de protection du scaphandre aux situations o& 11 deseure
le seul et ultime recours durant les phases critiques du vol atmosphérique. Dans 1la
mesure ol elles n'introduisent pas de ocontraintes supplémentaires sur le scaphandre et
ses interfaces, des situations de sauvegarde ea ordite peuvent égalesent étre couverises
soyennant des procédures d'utilisation adaptées. Le schéma du scaphandre et de ses in-
terfaces aves HRRMES proposé sur la figure 6 répond aux exigences d'un systime de pro-
tection, minimum et cohérent, dimensionné pour couvrir en priorité les phases critiques
:: votdat-oapbiriquo piloté, y compris une éventuelle éjection i grande vitesse et hauts

titude.
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Pigure § 1 Architecture du scaphandre et interfaces avec HERMES

Typique du lanceur eavisagé, la rapidité de divergence d'évdnsmenta catastrophi-
ques aat taslle que la séquence d'éjection pourra étre initiée A 1'insu de 1'équipage par
le segment sol, voire de fagon automatique. Cela implique pour le scaphandre d'dtre dans
une configuration telle qu'il puisse &tre opérationnel quasi-inatantanément. La port
préventif du scaphandre est donc nécessaire au moins pendant certaines périocdes de mis-
sion dlen que leur déroulement soit nominal : ceci définit le mode rominal d'utilisa-
tion.

Dans le cas de phénomédnes i divergence lents, ou lorsque les fonctions de protec-
tion physiologique d'HERMES ne sont plus que partiellement remplies par le véhicule, 1=
acaphandre sst utilisé pour suppléer aux fonctions défaillantss 3 c'est le mode de se-
cours.

Bafin loraque, A la zuite d'une défaillance comspldte d'HERMES, le scaphandre doit
assurer seul les fonctions de protection et de support-vie, {1 s'agit du mode d'ultinme
sscours.

Mode nominal

Le port du scaphandre est incontsstablement une contrainte pour l'équipage, on
cherche dono & la minimiser de la fagon suivante

. Pendant les phases i divergence rapide, lancement jusqu'a insertion en orbite et ren-
trés atmosphérique, le port préventif du scaphandre est indispensable. HERMZS mainte-
nant une preasion atmosphérique normale, le scaphandre n'est pas pressurisé, seulement
ventilé aves de 1’'air cabine. I1 est en revanche prét i &tre pressurisé instantanément
et automatiquement en cas de besoin. L'équipage étant normaleasnt installé dans les pos-
te de pilotage durant ces phases, aucun déplacement en cabine n'est prévy.
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. Pendant les phases & divergence lente, phase orditale jusqu'd 1'ispulaion de désor~
bitation, le scaphandre est enlevé pour des raisons évidentes de confort. Cela impliquas
d'une part de ls stocker dans un endroit qui restera ible en ra et d'autre
part de pouvoir l'endosser i nouveau. Btant donné que le volume central est le seul i
offrir un volume suffisant pour les opérations 4'habillage st déshabillage, c'est éga-
lement le lieu de stockage. Les diplacements entre volume central et capsule se font
aveo le sosphandre cuvert et aussi rapidement que possidle.

. Les fonctions assurdes par le scaphandre sont destinées i en garantir le confort et
donc la productivité de 1l'équipage assis dans le cockpit. Les Intsrfaces avec les fonce
tions HERMES aont réalisées par un ombilicsl déconneatadle :

- ocontr8le thermique et rencuvell t de 1l'at phére {nterne par ventilation d'air

prélevé en cadine

- information et cosmmun!ocations autorisant le dialogue entre spationautes et avec le
s0l ainai que la surveillance des paramdtres spationaute~scaphandre

- alimentation des veasies anti-g pour l'aide & la réadaptation cardio-vasculaire au

retour de aission
tests de contrdle de don fonotionnement avant l'apord des phases ori-

- réalisation des
tiques.

L'ergonomie du scaphandre 4cit parmettre l'exdcution normale des tiches de pilo-
et des opérations nécessaires & la sdourité, d'ol des impératifs de modbilitéd, de

tage
dextérité et de viaidilité.

Mode de secours ultime

Ce mode entre en vigusur de fagon entidresment automatique, dds lors que la pression
cabine A'HERMES chute en desacus de 550 hPa. Il auppose donc par définition que le sca-
phandre, pressurisé & 450 hPa sbsolus, ait été revétu au préalable et conneaté i une
source d'oxygdne de pressurisatica. L'analyse des évanementz redoutés montre gue l'on
peut réduire au seul cookpit le lieu d'HERMES ol ce mode est indispensable. En effet,

.. pendant les phases atmosphériquas ol les risques de déprazssurisation sont maximaux,

1'4équipage se trouve en permsnsnce dans le cockpit, et en cas de perte de pression en
orbite sul®e A un sacident réelinte, 1t'équipage aura eu le temps da rejoindre le cock-
pit en scaphandre pendant la période de compensation (voir procédures de secours dé-

tailléecz plus loin).

Les fonotions du scaphandre utilisé en mode d'ultime secours sont d'assurer la
survie de 1'équipage d'une part un réalisant les deux fonotions essentielles du sup-
port-vis, maintien de la pression totale et d'atmosphére respirable, et d'autrs part en
permettant au spationsute assis dans le cockpit d'exécuter les manosuvres de sa propre
sauvegarde : pilotage d'HERMES vers un site d'atterrissage, opération du scaphandre et

initiation d'une éventuelle séquence d'éjection.

Du fait de la rigidité du scaphandre une fois pressurisé, les aspects de mobilité
des memdres et dextérité des gants sont les plus oritiques. Ceai justifie d'une part que
1'on limite au seul cockpit, ou ies besoins de mouvements sont réduits, la capacité
dfultime secours, et d'sutre part que l'on offre la possibilité d'une pressurisation

temporaire i une pression plus faible de 250 hPa.

Modes de secours

Ces modes interviennent lorsque le scaphandre n'a pas i assurer le maintien de 1la
pression totale mals seulement la protection respiratoire (contamination sur le pas de
tir, contamination de 1la ocabine ou faible pression partielle d'oxygéne)., Ils inter-
viennent également comme intermédiaires entrs les modes nominal et ultime en cas de dé-

viation hasardeuse du scénario nosinal.

Suit une liste d'évdnemants redoutés et des procédures de secours sasociées. Ces
procédures, qui consistent en général i revétir le scaphandre dans le volume central, a
se déplacer, scapbandre ouvert, vers le coockpit puis i se connectsr, uns fols assis, aux
sources d'alimentation d'HEIMBS (oxygéne, air, floctrioité, communications...) permet-
tent de ne pas ajouter de contraintes d'interface i celles des modes nominal e¢ ultime,

Pendant 1la période de compensation de la pression cabine par les réserv:s
d'HERMES, 1'équipage initialement en bras de chemise revét la soaphandre‘puna 1e vol ime
central, puis se déplace vers le cockpit ol il se met en configuration prét pour le ke

ultime. La duréde d'habillage est 1'édlément crifigue qui dimenslionne la fuite maximaie

tolérée.,

Contamination en orbite

Grice & l'utilisation d'un maaque A oxygdna offrant une protection immédiate, le

scaphandre est revidtu dans ls volume central. L'équipage rejoint ersuite lea cockpit
d'ot {1 procdde aux opérations de purge.
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Avant le lanacement ou aprds l'atterrissage, l'équipage en scaphandre déconnecte
1'cmbilical, ¢e qui met en service la boutsille d'oxygéne portadle dont 1'amtonomis
couvre ls durde de 1'évacuatioa.

Le tadleau ci-desacus rassemdle les différents modes opératoires du scaphendre se-
lon les conditions d'epviroanement dans HERMES et selon l'activité des spaticosutes i
ombilical 'c:unoet" assis dans le cockpit, ombilical "déconnecté” pour les déplace-
aents en cabine.

wo0e CONDITIONS COMFIGURATION DU SCAPHANDRE PONCTIONS REALISEES PAR LE
Scaphandte non presswiod
Scaphandre non conneck pour Respirstion : per Yowverters de I8
déplacement en cadine visiire
o0 W ‘ ére cuverts Controle thermique : gur Fouverture
Nominel o 4 la viskire - Schage Bermique
300 reeph Scaohend " Scaphandre aon pressasied
Viaibre formée dans ie cockpi Recpiration : simentaticn ¢"sie
Controle thermique : vestilation en
Alimentation & sie o (2.8 8 30 o/}
Scaphandre non connactid pour Surpression de § 4 10 Me
Prossion ws N P on cadine ot Svecustic o : Sonyy
yissore fo Contrile :
Secours mr . daxygéne ( portable) , : o
atiou connects dene le connC (Sesemiuerd
Toux € ypine inestieant | Vietors frmee ook ot ot o oot -
Almentation d"axygéne 034 1.0 ¢/8)
Maintion de is preesion wtele &
Scaphandre connechh dans je cackpit mobilé m
une ot wne
Secours ulime | frateion infécieure & Visidre farmbe aocroes)
Alimentation ¢’oxygéne Respirstion : oxypine gar
Controle thermique : par
oxygéne - 0.8 & 1.0 ol

Tadleau 8 : Utilisation du scaphandre dans ses difféirents modes opératoires
COMCLUSION

Stant donné l'étendue du domajine de vol de l'avion spatial HERMES lancé per Ariane
5, ains!i que 1l'étendue du doma.ne d'éjection, le port préventif par l'équipege de sca-
phandres i pression totale est une mesure indispensable, soit pour asseoir la ecrédibi-
1ité d'une capsule éjectable a¢ M = T -« Z = 60 km, 80it comme partis intégraate d'un
systidme d'éjeotion plus léger offrant une protection wmoindre.

Les fonotions que doivent remplir les scaphandres congus comme des équipesents de
survie sont avant tout des fonotions de survie : maintien de la pression totale, four-
niture d'ataocsphire respirable. La survie de 1'équipage en soaphandre exige également
que celui-ol soit capable d'sxécuter les manceuvres nécessaires & sa sauvegarde t pilo-
tage A'HERMES juasqu’'d 1'atterrisaage, opération du scaphandre. S'sjoutent done des
fonctions de confort, d'environnement, d'ergonomie - mobilité, dextérité, visidilité -,
d'information et communications.

gafin, le scaphandre doit 8tre compatible d'autres fonctions telles que protection
anti-g, flottabilité individuelle, harnais de sécurité pour lesquelles il constitue un
support d'intégration judioieux.

Pinalement, et c'est 1d que réside l'essentiel des difficultés, 11 s’agit d'inté-
grer le systiwme scaphandre dans 1l'savion spatial aussi bien du point de vue des interfa-~
ces que du point de vue des procédures. La philosophie d'iptégration reteswe est la
suivante : étant donné les multiples redondances d'HERMES, le scaphandre est us équipe-
ment d'ultime secours, une ultiame redondance. Il est donc optimisé pour couvrir 1'éve-
nement redouté uieur qui est la perte de pressurisation du coockpit. La rapidité de
divergence des évenements redoutés pendant les phases atmoaphériques impose le port
préventif du scaphandre et crée ainsi la nécessité d'un mode nominal avea ases desoins
opérationnels inévitables. Entre ces deux modes, ultime st nominal, existe wne sulti-
tude de nituations dégradées que 1l'on propose de couvrir par des procédures, fussent-
elles contraignantes, plutdt que psr des équipements supplémentsires allant ‘ 1'encon~
tre des exigences d'un systéme de séouritéd ; simplicité et flabilité.
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SPACE CRAFT ESCAPE

by

BAMifler
Martin-Baker Aircraft Company Limited
Lower Road, Higher Denham
Nr. Uxbridge, Middlesex UB9 SAJ
United Kingdom
CREW EscA?e PEILOSOPHY

Safe crew escape from spacecraft is extremely difficult to engineer and has large cost,
mass and safety implications. Because of these factors, a calculated riak was
apparsntly taken not to provide other than the most rudimentary means of crew
protection for space programmes. This has been true for all programmes. Infact the
appareat logic adopted is analogous to aircraft prograames {n which only the prototype
is fitted with ejection seats to protect the crew in the high risk phase of the early
flight test programme. Production versions are designed for maximum reliadbility and
safety short of providing for crew escape. A calculated risk is taken that on-balance
it is acceptable to risk the loss of aircraft and possibly the occupants than intrrduce
the mass, cost and complexity of a crew escape system, The manned space progr-:ne,
being an extension of aviation technology, apparently adopted this well triec and
logical philosophy and this proved acceptable - until the Challenger tragedy. With the
exceptiocnally high visibility of the space programme, it is now clear that the use of

- this previously acceptable logic is invalid and provision must be made for crew escape.

WHAT CAR BE DONE?
a) Off-the-shelf

The initial reaction to Challenger was to see if an off-the-shelf solution to the
problem was available. This reaction was noted i{n all space ajencies, not just
NASA, as the general problem of providing crew escape was reconaidered. It has
taken several years for the space community to begin to come to terms with the
inadequacy of off-the-shelf equipment which is designed for a totally different
requirement. Some of these requirements are as follows:

i) Limited Performance

The 0-0 to 600 knot up to 50,000 fest ejection envelope ia too small to be of
real value for spacecraft crew escape.

i1) Size Adjustadle

Seats are adjustable for a wide range of occupants, whereas the spacecraft
seat occupant is clearly identified long before the mission, thus enabling the
seat to be tailored to the occupant.

i11) Pield of View

All round visibility essential for combat alrcraft is not recuired for
spacecraft, enabling a more advantageous distribution of seat subsystems for
spacecraft use.

iv) Durability and Serviceability

An ejection seat needs to withstand abuse especially during combat operations
and must be esasily serviced. A spacecraft ejection seat will, it is hoped, de
treated rather better enabling lighter, less durable materials to be used in
its construction.

In summary, the ejection seats are designed for a very different scenario and the
design compromises which are acceptable for military aircraft render them
unsuitable for spacecraft use. Despite these major shortcomings, two near term
programmes will still use off-the-shelf ejection seats.

b) Bxtraction Systems

The use of existing extraction systems to pull the crew from the spacecraft
presently presupposss that time is available and the vehicle is stable enough for
an orderly escape. The performance envelope of extraction systems is also very
small, reducing their value for Jpacecraft crew escape. Over-the-side bale out
falls into the same category, except that performance is further limited to low
speed stable flight.

¢) ZTaillored Conventional Ejection Seats

An alternative to the use of off-the-shelf ejection seats is the adaptation of an
existing ejection seat to optimise its design for vsee in spacecraft. This could be
achieved by the deletion of non-sssential functions, such as vertical seat
adjustment, in order to minimise installed massa. The ejection performance envelope
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can also be {ncreased slightly by the use of improved limb restraint and some
windblast protection.

In general, however, seat performance can only be f{ncreased to the present open
ejection seat limits of 100,000 feet and Mach 3. The gains of such tailoring are
expected to be realised by a reduction of installed mass and possibly isproved
packaging of subsystems to provide a better cabin interface.

d) Crew Rodule Escape System

Several projects have considered, or are considering, the adoption of crevw modules,
in which a portion of the fuselage containing the crew cabin is ejected and
recoversd. Such an approach offers potentially excellent improvements in the high
speed, high altitude regime, but introduces difficulties {n the low lewsl, low
speed case. A crew module must be separated from the parent vehicle by severing
every interconnection, increasirg the complexity of these connections for sormal
operations. A large and heavy propulsion system is required to propel the wehicle,
which must then be stadilized and finally recovered under large parachutes. Ispact
attenuation and flotation must be catered for to protect the crev on landing.
Although such a system offers many advantages, {t represents a highly complex and
heavy solution which has a significant impact on the vehicle payload.

®) Individusl Crev Bjection Seats

Hermes programme management are fully addressing the subject of safety snd are
investigating all of the options for crew escape. To this end, they have i(ssued
study contracts fo. various of the above options and have noted the factors
mentioned. To complete their studies, Martin-Baker was issued with a feasibility
study contract in Pebruary 1989 which will be completed in early May. The general
design requirement is for individual ejection seats capable of providing safe
escape from the launch pad to an altitude of 60 km, speed of Mach 6.5 and maximum
dynamic pressurs equivaleat to 600 knots at sea level. During the landing phase,
recovery is required from 50 km down to landing. PEscape on the launch ped must
result in the crew descending on fully open parachutes at least one kilowetrs from
the launch tower.

fermes has a crew of three, two pilots seated side-by-side and a crewmember, seated
directly behind the pilots. The spaceplane i{s mounted on top of an Arian 35 bdooster
for launching into space. Re-entry is as a glider with control being provided
conventionally by the two pilots.

Thzoﬁqhout the study, the prime requirement for minimum mass has been pacsmount,
together with the safe operation of the escape systenm.

Our initial studies have quickly ldentified the need for encapsulation to protect the
sjectee from kinetic heating during high speed escape rather than for windblast
protection, although this too is a factor.

We have endeavoured to minimise the escape system design {mpact on Nermes by
simplifying the installation, retaining pilot fleld of view and ejecting the crew
through the smallest apperture. We believe that our proposed preliminary design meets
sost of these objectives.

Prom the various trade studies which have been made during the feasidility study, we
have selectad the following system which currently apjyears to offar the optimum
solution.

PRELIMINARY DESIGN DESCRIPTION

Genersl Description

It is proposed that each crewmamber be provided with an encapsulated ejection seat
which also provides the function of crew seat for normal operations (figure 1).

Structurasl Intecface

The ejection seat would be mounted on guide tubes which extend from the cabin floor to
roof. The upper ends of the guide tubes attach to cross tubes extending across the
upper part of the cabin.

Thees guidetudes would also act as ejectfon guns as they Incorporate inner piston
tubes, the upper ends of which engage in a latch at the top of the ejection seat. On
ejeztion, the guidetube/ejection guns pressurize causing the inner piston tubes to rise
propelling the seat up the outer guidetubes which would remain in the cabin.

Location and Adijustment of Crewmesber

The crewsemter would be seated on specially moulded insects which cocrrectly position
him/her in the cabin. No vertical adjustment is provided. With so few astronauts, for
which the anthropometric data is well known, we see no advantage in providing heavier
electro/mechanical seat adjustment.

i
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Because the pilots may need to lean forward to adjust the controls, shoulder harness
retraction is proposed. This will enable forward movement with acceleration locking
and with ballistic retraction prior to ejection.

The tilt facility to raise the crew's heads to withstand acceleration during launch can
be provided by manually tilting the sitting platform within the capsule and not by
tilting the seat as a whole. This is expected to provide the required positioning for
the lightest mass. On ejection, a simple ballistic actuator would retract the occupant
sitting platform to the correct position.

FIGURE 1

Bscape Parameter Definition

During the feasibility study, we have considered only the specified operating envelope,
i.e. zero-zero to 60 km at Mach 6.5. Extension of this envelope will be considered
whan the basic design has been fuily established. At the present time limits are
expected to be set by the capatility of the retardation/stablization, thermal
protection and life support systems,

Human_Engineering

The ejection seat 1s being designed to include the full range of percentiles wearing
the light pressurized Intra Vehicular Activity (IVA) suit. The detailed study will
form part of the second phase of the feasibility study.
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Bormsal Operating Requirements

The design would take full consideration of the normal operating requirements. During
the preliminary study, it became apparent that ingress and egress to the pilot seats
would require very careful design consideration, as the cabin (s positioned ®on-ead® in
the launch attitude. It will be of special importance to provide rapid egress in the
amergency case. We are reviewing several options including dropping one pillot seat
back on shock struts, the crewmesber seat deing Lnstalled to one side for this pucpose.
Alternatively, all seats could swing down towards the “"upright® position.

Emsrgency Bacape Initiation

Bjection initiation presents a major design difficulty, as this function cannot be left
to the crev as in military aircraft. In many scenarios the crew will receiwve little
definite information to indicate the possible need to eject. The time taken for a
problem to become a catastrophe may well be too short and present insufficient severity
indications to enable the crew to react and make a decision to initiate ejectiom defore
an explosion occurs. We have therefore studied the three prine escape iniziation
msethods as follows:

a) Automatic Bjection

A signal would be required to be sent by the spacecraft system {(computer) to
initiate crev ejection on the launch pad. The parameters under which ejection
would be initiated must be determined by the prime Contractor, as will the method
of generating and transmitting the signal. In order to respond to the ejection
signal, the seat sequencers will need to be active requiring a power supply from
the apacecraft, via a battery, to ensure power supply continuity in the eweat of a
spacecraft power failure. The use of one master ejection sequencer with slaved
sequencers on the two remaining seats is being considered in order to reduce costs
and to provide a central control for ejection sequencing.

b) Ground Control Initiated

The requirement to initiate a Command Ejection by Ground Control is also coasidered
likely, especially L{f the crew s incapacitated, and could presumably utilize the
same signalling circuits as the automatic systesm.

¢) Crew Initiated

Individual ejection initation is considered most likely to be required by the two
pilots. It was felt that pilot initiated ejection wculd be most likely to occur
during the final phase of recovery when problems wers encountered on the landing
approach. Seat firing handles would need to be designed with maximum safety in
mind and must not be prone to snagging.

The ejection controls could de incorporated in the arm rests and serve the dual
purpose of hand grips which the ejectee can hold to restrain the arms.

NODE OF OPERATION

Initiation phases

Launch Phase

Initiation would be automatic via the main computer control. Altsrnative ground
control can rewmotely initate ejection. The pilots would have an ability to initate a
sequenced ejection at all times i{f the system was armed.

Dormant Phase

The escape system would be automatically de-activated above the ejection operational
limit to prevent accidental initiation during the mission. .

Re—entry

At 3 point to be determined, the system would be automatically armod to enable ejection
inftiation. Ejection is most likely to be initiated by either pilot during re-entry,
with automatic or ground control {nitiation less likely.

The rear crewmember shonld be positioned for ejection at all times that the system is
armed.

Pre-eijection Action

In the launch phase, the crewmembers are passengers and could thersfors sit with arms
and legs in the ejection position and could have the clamshell closad to save time. In
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the re-entry phase, the pilots will need to have full access to the controls and
instruments and therefore aust have the clamshell open. Because of the re-entry phase
requirements, it would be necessary to have a clamsiuell closure device and therefore
little or no advantage is seen in having the clamshell closed for launch, as i{n any
case it is likely that this would be unacceptable to the crew.

In order to save weirht, it is proposed to dispense with restraint systems and require
that the pilots place their feet on foot rests within the capsule and grasp the arm
rest/ejection controls before seat initiation. Por the launch phase where -omote
{nttiation would probably occur, it will be essential that the crew be in the eject
position.

A shoulder harness retraction unit will be provided as the pilots would be sxpected to
need to lean forward to reach controls. Ballistic retraction of the pilots shoulders
will take place as a pre-ejection function. The crewmember may not be provided with a
retraction device because he could be pre-positioned for escape.

Biectee Protection

The ejectee would be required to bring his/her feet back inside the capsule and place
them into special foot rests which secure the feet in place and provide a signal that
the feet are positioned within the capsule. The hands would be located on the armrests
and handgrips, again providing a positive signal of correct, safe, c)aw positioning.
On seat initiation the feet would be locked in place by sole latches (like ski
attachments) and the harness would tension.

Various forms of protective shield have been considered but, so far, the best appears
to be a laterally pivoted clamshell, the segments of which slide up under each other
for compact stowage above the headrest. On ejection these clamshell shutters are
ballistically closed to protect the ejectee. It is not intended that the capsule be
pressyrized as the IVA suit offers this protection and the clamshell would be provided
to protect against transient windblast and heating during the initial exposure of the
seat. Immediately after rocket burn-out, the seat may be rotated to face its back into
the wind so that most of the windblaat and kinetic heating will be taken by the smooth
rear of the seat. In this position the clamshell would serve to "streamline” the seat
to reduce heat stagnation at high veloci:iass.

Pollowing the receipt of information from the Royal Air Force Institute of Aviation
medicine, it appears feasible from a physiological view point to keep the seat "face
into the wind®™. The resulting eye-balls out deceleration of 10g for 20-30 seconds is
physically tolerable and the use of a head support (inflatable) would mininise head
nod. Dispensing with the post zocket burn rotation would certainly simplify seat
ejection and control and will be studied further.

Inner thermal protection will also be provided to minimise the transmission of high (or
low) temperatures to the ejectee.

At seat/man separation after ejection, the clamshell separates prior to parachuts
inflaction. This can be arranged to coincide with increased deceleration frcm the
developing parachute so that the clamshell peels away and down ensuring no risk of
clamshell/man collision.

Bjection Path Clearance

Various hatch configurations are being studied including individual, double for both
pillots plus single for the crewmember and one large single hatch. Martin-Baker prefer
the single hatch concept if this can be integrated with the Hermes structure. Hatch
removal could be by pyrotechnic actuators, (thrusters) or rockets. These alternatives
will be studied, but (s not seen as a major risk area for ejection.

Blection Gun ration

A simple twin ojoction gun is snvisaged to propel the encaplulatnd seat and occupant
from the cabin i{see structural interface). L L

Ejection Seat Rocket

A single nozzle rocket motor is presently proposed which wouid provide a two second
burn and produce an acceleration of 15 g for the light subject. The fuel weight for
such a motor is expected to be 35 kgs and would be capable of propelling the seat on a
1 km long horizontal trajectory.

Trajectory

Ejection from the vehicle lzunch position should rusult in the crewmember reaching the
ground as far from the vehicle as possible in the shortest time.

In order to reduce the parachute exposure to blast and heat, it {s to be proposed that
the seat trajectory be as flat as possible with parachute opening delayed as long as
possible (see figure 2).
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| LOW SPEXD ANO LAUNCH PAD EsCAPY |
® 8
W / %
1 O MATCH JETTISON 5 O BALLUTE RELEASED AND DROGUE DEPLOYED
O EJECTION GUN SEPARATES TO INCREASE PARACHUTE EXTRACTION FORCE
© ROCKET MOTOR FIRES O CLAMSHELL SHIELD SEPARATES

O PARACHUTE BEGINS TO STREAM

2 O ONE SECOND ROCKET BURN WITH
ACTIVE STEERING 6 O PARACHUTE INFLATES
O SEAT/MAM SEPAAATION OCCURS

3 O CAPSULE ROTATES AS BALLUTE IS OEPLOYED

© OMLY SINGLE BRIOLE RETANNED 7 O PARACHUTE FULLY OPEN FOR DESCENT
$00m FROM HERMES

4 O LOW DRAG BALLUTE STABLIZES
SEAT BUT MAINTAINS SEAT INERTIA FOR
LONG TRAJECTORY THAOW

FIGURE 2

Trajectory Control

Trajectory control will be by gyro controlled nozzle vectoring as used in missile
applications. Information on suitable nozile steering systems has been obtained and is
being studied for integration into zhe escape system.

Stability
Low Level

Any stabilizing surfaces must be of low drag i{n order to retain momentua for the
maximum trajectory throw. A low drag ballute would offer the necessary stability with
minimum drag during the majority of the seat trajectory. It is then proposed to
release the ballute and deploy a high drag ribbon drogue to extract the personnel
parachute.

Rid/High Level and Speed

The use of a low drag ballute type drogue will be investigated to determine the besat
method of providing stability and decsleration at high speed and altitude. Aerofolils
are expected to be unsuitable at high mach numbers due to kinetic heating which is
expected to burn away any protuberances from the seat outer envelope. Ballute
technology is well understood and appears capaglo of extension to Mach 6-7, assuming
that the high stagnation temperatures of 1350 C can be tolerated. Similar Ballute
studies are being conducted to stabilize the Hermes Crew Module and thersfore data
could be read across.

Parachute Deployment

Alternative methods of parachute deployment are being considered. The use of the
drogue to deploy the parachute will minimise weight and should be satisfactory in the
launch pad case in view of the high velocities generated by the propulsion system.
There will never be a "zero-zero® ejection situation as parachute streaming will always
take place {n a high relative wind due to tre high performance of the seat rocket.

At high altitudes, parachute deployment will be delayed until 5,000 metres altitude
(see figure 3).

The fall back method will be parachute extraction by rocket as on Martin-Baker's United
States Navy Alrcrew Common Ejection Seat (NACES).
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FIGURE 3

@ 1 OHATCH JETTISON
O ROCKET FIRES

2 O ROCKET PROVIDES OPTIMUM TRAJECTORY
FOR PLUMC CLEARANCE

A 3 O BALLUTE DEPLOYS
@ © ALL BFIDLES CONNECTED @
O CAPSULE ROTATES

4 O CAPSULE POSITIONED FOR BEST HEAT
ANO G PROTECTION

@ 5 O BALLUTE STABILIZES SEAT 8UT PERMITS
RAPID DESCENT

6 O BALLUTE RELEASED AND DROGUE DEPLOYED ®
AT LOWER LEVEL TO SLOW CAPSULE FOR
PARACHUTE DEPLOYMENT

7 O SRIOLE RELEASE ROTATES CAPSULE TO @
UPRIGHT POSITION FOR MAJORITY OF DESCENT

8 O CLAMSHELL SEPARATES AND PARACHUTE
EXTRACTED 8Y DROGUE AT 5000 METRES ALTITUOE

Seat/Man Separation

Martin-Baker believe that it is preferable that the ejectee separate from the seat at
parachute opening. The reasons for this preferance are:

a) A smaller lighter parachute could be used as it would not be requirsd to suspend
the encapsulted seat weight.

b) Ko impact attenuation devices would be required.
€) The ejectue would automatically separate and not have to separats manually,

reducing the
mmount of oxygen to be carried,

s) Adequate thermal protection could probably be provided Lty the reflective suit.

The above descrides the currently prefsrred option from among the designs so far
studied. We shall, however, continue to study alternatives for seat design to idsntify
systens which offer the best possible approach with minimum design risk.

Martin-Baker will continue to study the overall design and also initiate more detailed
studies of the main elewents, such as drogue stabilization, temperature extremes
protection and rocket motor thrust vectoring. We shall also initiate the study of
programme management and the testing and qualification of such a system.

It is already apparent that the test programme would, at some point, require testing of
the seat under actual conditions, 1f the required level of confidence is to be
achieved.

The Hermes Management Team are meeting the crew safety challenge by initiating and

funding wide ranging feasibility studies.

Escape Module concept and this study is also most promising.

They are placing equal emphasis on the Crew
Hermes has the enormous

advantage of hindsight which, we all know {s perfect, and this valuable experience is

whether by CEM or

baing put to good use.

We bellieve that this pioneering work,

encapsulated ejection seats (or a combination?), can provide an effsctive and efficisnt

means of safe crew escape.

Such a valuable prize will however not be obtzined without

e

e ey

continuing to commit the necessary resources and dedication.
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